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1) Statement of Work: We will use laser deposition to grow thin film
superconductors that cover a wide range of compositions, substrates, and
deposition conditions. These films will be characterized and provided for in-
depth study and device processing both by ourselves and collaborators at Xerox
and Stanford University and their associates.

2) Status of the .esearch Effort

During the period of support on this contract (7/90-11/91), we have used our
versatile PolyGun excimer laser deposition system to grow excellent quality thin films
of YBayCu30O7 on different substrates and with Fe dopants. We have achieved success
in the following four areas:

(1) We were the first to grow excellent quality YBCO on Si and on silicon-on-
sapphire, and, in collaboration with others, some YBCO/Si devices and
applications have been studied.

(2) We were the first to grow excellent quality YBCO on GaAs.

(3) We were the first to grow a-axis oriented YBCO films using monolayer buffers
of PrO,.

(4) We were the first to observe an extreme sensitivity of T, to cool-down rate for
epitaxial Fe—~doped YBCO films.

In the first area of YBCO/Si, we have extended our earlier work using bulk Si

substrates to using silicon-on-sapphire (SOS). in both cases, an intermediate buffer
layer of YSZ is used to achieve epitaxy and prevent reactions between the YBCO and
the Si. The use of SOS allows the growth of thick ( about 4000 A ) films without the

thermally induced cracking characteristic of epitaxial films on bulk Si. Consequently, ...

higher critical currents are obtained due to the reduction of strain in YBCO (4.6 X 106
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A/cm2 versus 2.2 X 106 A/cm2 at 77K). In addition, a low surface resistance of 72 uQ is
obtained at 4.2K and 11.8 GHz.

This capability of growing good quality YBCO films on Si, either bulk Si or SOS,
has enabled several applications and other studies to be realized. These include
infrared detectors and superconducting metal-insulator-semiconductor (MIS)
structures, as well as flux motion studies. The Infrared detectors, made at the
University of California at Berkeley, are superconducting transition edge bolometers
with outstanding figures of merit at long wavelengths. Voltage noise in YBCO films
on YSZ /Si imply that for wavelengths of 20 microns and more, such detectors offer
the highest sensitivity of any conceived IR detector. In addition, flux motion studies
have been made by this group using our films of YBCO grown on 0.003“ thick silicon
wafers. The thin substrates enabled these measurements, and the results indicate
that, in 20 nm thick films, the quantized flux tubes are moving as rigid rods. Also,
MIS structures have been fabricated in collaboration with Santa Clara University in
order to assess the utility of YBCO as a gate and/or interconnect material. The ionic
conductivity of the insulating YSZ layer is manifested as hysteresis in C-V
measurements and is frozen out at 77K. This could be exploited to “program* the
threshold shift with a gate bias during cooling. To control hysteresis, other materials
are being considered such as cerium oxide.

The second accomplishment is the growth of good quality YBCO on GaAs. The
high speed and optical applications of GaAs make it a prime candidate for hybrid
devices utilizing selected epitaxial oxides. Since YBCO is chemically incompatible
with GaAs, buffer layers have been explored to provide a chemical barrier and
structural template for epitaxy. To this end, MgO and yttria-stabilized zirconia were
tested and successfully grown epitaxially on GaAs by pulsed laser deposition. Work
has focused on MgO because it is more chemically inert. We have shown that
improved epitaxy is achieved if the first several unit cells are grown slowly, allowing
sufficient time for nucleation and ordering. Additional improvement occurs if
growth is carried out on GaAs polished 10 degrees off toward [110]. Subsequent to
the growth of the MgO buffer layer on GaAs, epitaxial, superconducting YBCO was
grown in situ. The T and transition width were 87 K and 1.5 K, respectively. Critical
currents measured by transport from 77 K to 4.2 K exceeded all prior literature
values by at least a factor of ten, reaching 9 x106 A/cm2 at 4.2 K. Scanning electron
micrographs reveal smooth, aimost featureless surfaces. This success allows




superconductors to be combined with high-speed GaAs for future device
applications.

The third result is the growth of a-axis oriented YBCO thin films. For many
applications, it is desirable to have YBCO films with the crystallographic a-axis out of
the film plane. The structure of YBCO causes the superconducting coherence length
to be about an order of magnitude larger along the a- and b—directions than along
the c-direction. This favors technical applications, such as, Josephson devices or
tunnel junctions, based on YBCO films grown with the a-axis normal to the substrate
surface plane (a-axis oriented films). Epitaxial c-axis oriented YBCO is readily
fabricated whereas a-axis films are more difficult to prepare. c-axis films with a
critical temperature T, of 86K and a transition width AT, of 1K have been grown on
LaAlO3(001) in a two temperature process by pulsed laser deposition. Under
identical experimental conditions, an additional intermediate buffer of
praseodymium oxide (PrO3) of only about 2 A thickness results in the growth of
almost exclusive a-axis oriented YBCO, as indicated by x-ray diffraction studies and
resistivity measurements. Critical temperatures of these a-axis oriented films are
typically 10 K lower than those for the c-axis oriented films. Our findings suggest
that a single layer of PrBa,Cu3zO7-5 is formed at the interface and induces the a-axis
growth throughout the entire YBCO film. Therefore, thermodynamic considerations

at the interface seem to determine the overall crystallographic orientation of the
film.

The fourth study was of laser-ablated YBCO films doped with Fe. Understanding
of the role played by the Cu(2)-O planes and the Cu(1)-O chains is crucial in the high
T. material YBCO. One approach has been to substitute other atoms such as Co, Fe,
Ni and Zn for some of the Cu. A linear decrease in the T, has been observed for
several dopants, in particular for Fe substituted bulk samples, where T — 0 at about
15%. Also, Fe-substituted YBCO has been extensively studied in both bulk and thin-
film form in order to increase flux pinning. Fe is a potential pinning center in YBCO
and several investigations of critical current density in Fe—substituted films have
been reported. Thin films of YBa;Cu307 and YBaz(Cui—xFex)307 were prepared on
LaAlO3 by laser deposition using a single target of the appropriate composition and
using multiple targets which are pulsed the appropriate number of times to yield the
desires composition. The latter technique takes advantage of the capabilities of the
PolyGun so one can obtain any composition without preparing a new set of targets.




For both deposition procedures, we have achieved substitution of Fe on the Cu sites,
as indicated by the x-ray-determined orthorhombic-to-tetragonal transition. Also
no other phases are visible in the x-ray spectrum. TEM, however, has observed
various types of precipitates. Circular precipitates (platelets) are consistent with
cubic Y203, and are attributed to Ba-deficiency in the target. The platelet density
increases with Fe concentration in the samples that we have studied. The platelets
are oriented parallel to {100} YBCO planes. Lattice images show that the platelets are
coherent precipitates with good match in the direction parallel to the platelet, and a
hexagonal-like structure in the normal direction. X-ray energy aispersive analysis of
the platelets have shown a significant high density of Fe, an order of magnitude
larger that the Fe in the YBCO matrix. The data show that Fe substituted for Cu in
YBCO has a tendency to segregate with the production of Fe-rich precipitates.

The most interesting aspect of these studies of YBCO:Fe is the extreme sensitivity
of the T to cool-down rates. T is suppressed as the Fe concentration is increased but
the size of the suppression varies widely in the literature. We have varied the
parameters over a wide range. A variety of targets and substrate temperatures have
been used; however, the most important parameter is the cool-down rate of the
films in an O3 environment immediately after deposition and subsequent anneals. A
rapid cool-down, = 200-C/min, yields surprisingly high T films with T > 60 K for
13% of the Cu replaced by Fe. A slow cool-down of 10-C/min results in low T, films
with T = 0 at 10% Fe, a greater suppression than reported for bulk materials. We
have also carried our a series of post—deposition anneals in O, and find that T is
significantly changed for anneal temperatures as low as 370-C. This extreme
sensitivity of T¢ to the cool-down rate and oxygen anneals in Fe-doped YBCO may
account for many of the discrepancies reported in the literature and may be related
to the Fe-rich precipitates observed in the TEM.
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5) Interactions
a) Talks

Many papers have been presented on this work at national and international
conferences. In particular, these achievements were recognized by invited papers at
the following conferences:

SPIE, Processing of Films for High T, Superconducting Electronics (Santa Clara,
1989);

Science and Technology of Thin Film Superconductors 2 (Denver, 1990);

SPIE, Progress in high-temperature superconducting transistors and others
devices (Santa Clara, 1990);

2nd World Congress on Superconductivity in Thin Films | (Houston Texas, 1990);

Thin film buffer layers and overlayers session of the Applied Superconductivity
Conference (Snowmass, CO, 1990);

High Temperature Superconducting Thin Films (Strasbourg, 1991);

Fall MRS, High Temperature Superconductors: Materials Research for Emerging
Technologies (Boston, 1991);

March American Physical Society Meeting, Symposium of the Division of
Condensed Matter Physics: Thin Film Oxide Superconductors - Applications
(Cincinnati, 1991).

b) Advisory Functions and Collaborations

NIST, Boulder, CO - superconductor/semiconductor electrical contacts
Stanford University - film growth and applications

Harvard University - film growth and applications

University of California, Santa Cruz- film growth and characterization
University of California, Berkeley - IR detectors and arrays

Santa Clara University - MIS structures

Bellcore - ferroelectric films

Conductus - film growth and characterization
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Electrical characterization of metal-insulator-semiconductor diodes
fabricated from laser-ablated YBa,Cu;0,_, /yttria-stabilized zirconia

films on Si substrates

Eric M. Ajimine, Felino E. Pagaduan, M. M. Rahman, and Cary Y. Yang
Microelectronics Laboratory, Santa Clara University, Santa Clara, California 95033

Hiroshi Inokawa

NTT LSI Laboratories, 3-1 Morinosata, Wakamiyo, Atsugi, Kanagawa 243-01, Japan

David K. Fork and T. H. Geballe

Department of Applied Physics, Stanford University, Stanford, California 94305 and Xerox Palo Alto

Research Center, Palo Alto, California 94304

(Received 2 July 1991; accepted for publication 29 August 1991)

The purpose of this investigation is to study the electrical properties of the YBCO/YSZ/Si
metal-insulator-semiconductor structure and the yttria-stabilized zirconia (YSZ)/Si

interface. The YBCO and YSZ layers were cpitaxially grown in sitz on Si by pulsed laser
deposition. Current-voltage measurements of devices fabricated on p-type Si(100)

showed a small leakage current density at 292 K, which decreased further at 80 K. Comparison
of capacitance-voltage measurements at 292 K for frequencies between 10 and 400 kHz
showed a large variation of capacitance in the accumulation region demonstrating the presence
of mobile ions in the YSZ layer. This variation is less pronounced at 80 K. A negative

shift of about 5 V in threshold voltage from 292 to 80 K has been attributed to redistribution

of charges in the YSZ buffer layer.

The discovery of ceramic materials with superconduct-
ing temperatures' that overlap the operating temperatures
of most silicon devices brought on great efforts to incorpo-
rate these materials into silicon technology. In order to
deposit epitaxial films of these perovskite-type supercon-
ductors on Si, a buffer layer is required.? A promising
buffer layer is yttria-stabilized zirconia (YSZ),
(Y304)005(Zr0;)g9). It may be grown epitaxially on
Si(100) in spite of a — 6% lattice mismatch. No deep
levels which might affect carrier lifetimes have been found
for Zr in Si.> YSZ is also an excellent diffusion barrier.
YBa,Cu,0, _s is a well-known high-T,. superconductor
and has a + 6% lattice mismatch with YSZ in the com-
monly observed epitaxial orieniation.* High-quality films
of YSZ and YBCO have been fabricated in situ with pulsed
laser deposition® on a p-type Si(100) substrate with a dop-
ant concentration of about 1.5%10'® cm ~ 3. Both YSZ and
YBCO films are 1500 A thick. Transmission electron mi-
croscopy (TEM) of the YSZ/Si interface reveals a layer of
SiO, approximately SO A in thickness.® The precise role of
thisyfayer is unknown but is probably responsible for the
low density of states at the interface. Resistivity measure-
ments for these films yield a critical temperature of 86 K
with a transition region of less than 2 K. At 77 K these
films typically have a critical current density (J,) of about
2% 10% A/cm??

The YBCO layer is patterned and etched to produce
metal (YBCO)-insulator (YSZ)-semiconductor (Si) di-
odes. Since direct probing on YBCO results in a contact
resistance of a few megaohms, low-resistance ohmic con-
tacts need to be formed for meaningful electrical charac-
terization. Two metals commonly used to make contacts to
YBCO are silver and goid.” It has been reported that most

normal metals other than Ag and Au do not make good
electrical contacts to YBCO, due in part 10 the depletion of
oxygen from the YBCO surface.® We have therefore em-
ployed Au to make contacts to the YBCO electrode. To
fabricate these contacts, a kovar stencil mask is used. The
kovar sheet is patterned with standard photolithographic
techniques. The fabricated mask is placed over the sample
in an evaporator. Au is evaporated through the mask at a
background pressure of 410~ ¢ Torr. The YBCO gate
and the Au contact diameters are 2 mm and 0.4 mm, re-
spectively. From two-point measurements, total resistance
including YBCO and the two contacts at room tempera-
ture is less than 200 Q. This resistance is acceptable for
current and capacitance measurements. Gold is also evap-
orated on the back side of the sample to yield an ohmic
contact to the substrate.

Results of room-temperature (292 K) current versus
voltage (/-V) measurements are shown in Fig. 1. This plot
shows the leakage current of the device ( <9 nA/cm?) as
the voltage is swept from — 3 to 3 V and then from 3 to

— 3 V. The large current flow at initial bias, and apparent
current flow through the device at 0 V is due to transient
effects of ions in YSZ during the voltage sweep. This tran-
sient current was eliminated by sweeping the voltage from
01to 3 Vand then from 0 to — 3 V. Low-temperature (80
K) I-¥V measurements reveal even less leakage (<2
nA/cm? between —3 and 3 V). Bulk YSZ is an ionic
conductor with conductivity that follows an Arrhenius be-
havior over a wide temperature range with an activation
energy of about 1 eV.? Pure ZrO, is monoclinic, while the
cubic phase is stabilized by adding Y,0,. Since Y** sub-
stitutes for Zr**, every two Y** ions in the YSZ solid
solution must induce a mobile oxygen anion vacancy. The
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FIG. 1. Room-temperature I-¥ characteristics of s YBCO/YSZ/Si MIS
diode swept from —-3to3Vand3to -3 V.

resulting conduction by oxygen anions may account in part
for the room-temperature leakage and hysteresis, and the
decrease thereof at 80 K.

Capacitance versus voltage (C-V) measurements at 10,
20, 40, 100, 200, and 400 kHz were performed at 292 K.
The gate voltages are swept in the negative direction first
and then in the positive direction at a fixed sweep rate and
measurement frequency. This procedure helps to restore
mobile ions to their original positions so that the true fre-
quency-dependent characteristics can be revealed. As can
be seen from Fig. 2, the MIS capacitor shows inversion,
depletion, and accumulation regions similar to that of a
MOS capacitor. In the accumulation region, there is a de-
crease in the measured capacitance with increasing fre-
quency. The dielectric constant (K;,) can be estimated
from the accumulation capacitance (C,cym), assuming
that C, .. is due to the insulator capacitance only. The
dielectric constant of YSZ at 10 kHz is computed to be 31
while that at 400 kHz is 25. This trend of decreasing Ky,
with increasing frequency is similar to previous reports on
bulk YSZ.'®'" It has been reported’’ that at 200°C the
dielectric constant in bulk YSZ can change by a factor of 2
between 100 Hz and 100 kHz. At room temperature, how-
ever, K, varies only slightly around 30 in the bulk over
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F1G. 2. Room-temperature C-¥ characteristics of a YBCO/YSZ/Si diode

swept in the negative gate voltage direction at frequencies between 10 and
400 kHz.
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FIG. 3. Room-temperatuse 10 kHz C-V characteristics of s YBCO/YSZ/
Si diode swept in the positive and negative gate voltage directions.

this frequency range, but is more variable for films, possi-
bly due to defects. In our devices, the C,,,, decrease with
increasing frequency is probably due to anion charge fluc-
tuation in YSZ and in the SiO, interfacial layer, as well as
to K,,, variation. In the depletion region, the capacitance
curves show a shift in the negative voltage direction with
increasing frequency. This behavior is a result of the de-
crease in C,.,n With increasing frequency. A comparison
of both voltage sweep directions at a single frequency (Fig.
3) reveals considerable hysteresis. This is characteristic of
MIS structures with ionic conduction in the dielectric."
Hysteresis has also been reported in other MIS structures
utilizing YSZ ."

C-¥ measurements were also performed at 80 K, close
to the critical temperature of the YBCO film. A dramatic
change in the C-V characteristics is the negative shift of
about 5 V in threshold voltage (Fig. 4). By neglecting
interface traps, the flatband voltage ¥, is given by™

Vo= bms — Q/Cs (n
where ¢, is the metal-semiconductor work function dif-
ference which is presumed temperature independent, C, is
the insulator capacitance, and @, is the cffective interface

charge which is related to the first moment of the insulator
charge distribution p, by
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FI1G. 4. Comparison of room- and superconducting-temperature 10 kHz
C-¥ characteristics of a MIS diode swept in both gate voltage directions.
A 5V shift in the negative direction is observed from room to supercon-
ducting temperature.
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where ¢ is the insulator thickness. The germane feature is
that Q, is sensitive to the distribution of charges in the
insulator. The 5 V shift corresponds to a §x 10'? cm 2
decrease in effective negative charge. We suggest that this
decrease is due to a difference between room- and low-
temperature insulator charge distributions as a result of the
immobilization of oxygen anions within the YSZ layer.
Preliminary measurements on devices cooled down under
different bias conditions yield changes in the low-temper-
ature threshold voltage, suggesting a memory effect
whereby the charge distribution in YSZ is frozen in with
varying amounts of charges concentrated near the YSZ/Si
interface.

Also at 80 K, the variation in accumulation capaci-
tance with frequency is smaller, yielding a dielectric con-
stant of 27. This result is consistent with bulk measure-
ments of the dielectric constant of YSZ which converge
over a wide frequency range to approximately the same
value at low temperature.'! The effect in the bulk is attrib-
uted to anion immobilization, and we suspect the same
mechanism is influencing our devices.

Analysis of the C-V stretch-out at high frequency re-
veals a density of interface traps of about 3% 10"
eV~"'cm ~? at midgap. This is about a factor of 3 lower
than earlier measurements on ion beam sputtered YSZ/Si
films."> We conjecture that our lower interface state density
is caused by the $ nm silicon oxide layer which forms at the
YSZ/Si interface; the oxide layer may be absent in the
prior work'? because their oxygen growth pressure is ~600
times lower than that in our work.? Without an interfacial
silicon oxide layer, the — 6% lattice mismatch of the YSZ
layer would presumably result in an increased number of
interface traps.

Figure 4 also shows a comparison of low-temperature
curves in the positive and negative voltage sweep direc-
tions. The positive sweep curve yields a lower capacitance
due to insufficient generation of minority carriers, resulting
in partial deep depletion. Variation of sweep rates leads to
the conclusion that the inversion capacitance of the nega-
tive voltage sweep is overestimated due to the stagnant
inversion layer.'® The true inversion capacitance may be
estimated from the positive sweep curves. The resulting
value is less than that at room temperature. From compu-
tations based on the depletion approximation, and assum-
ing complete dopant ionization at room temperature, we

obtain a value of about 10'® cm ~? for the substrate doping
and 70% dopant ionization at 80 K. This is within the
range of the estimated doping concen’rations in the boron-
doped Si substrates.

In summary, a simple MIS structure has been success-
fully fabricated using a YBCO superconducting gate. The
electrical measurements reveal that while the YSZ buffer
layer is sufficiently insulating at superconducting tempera-
tures, the effect of ions in this layer and at the insulator/
semiconductor interface constitutes the key in understand-
ing the device operation. Our findings do not seem to be
dependent on the exact nature of the transition between the
normal and superconducting states, nor are they directly
influenced by the superconducting property of YBCO.
Studies of this transition with capacitance measurements
and comparisons between this structure and similar nor-
mal-metal gate structures are in progress.
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ABSTRACT

YBa2Cu3Oy thin films have been deposited in-situ on several substrate materials using
pulsed excimer laser deposition. On the substrates, SrTiO3, MgO, LaAlO3, and yttrium-
stabilized zirconia (YSZ), excellent films were obtained. These films had high
superconducting transition temperatures (91K) with narrow transition widths (=0.5K),
metallic conductivity in the normal state, low room-temperature resistivity (=250 pQ-cm),
high critical currents (=3x107 A/cm2 at 4.2K), c-axis orientation perpendicular to the plane
of the film, and epitaxial alignment with the substrate. On the more technologically relevant
substrates of AloO3 and Si, less optimal results were obtained. The transition temperatures
were high (86-88K) and metallic conductivity was obtained in the normal state. However,
the room-temperature and microwave surface resistivities were higher and the critical
currents were lower than for the above benchmark substrates. These diminished transport
properties correlate with the imperfect alignment and epitaxy of the YBCO and substrate.
For AlpOj3 substrates, a narrow substrate-temperature window was found for the best in-
situ YBCO films. The poorer transport properties correlate with the lack of registry of the
YBCO a-b plane with the sapphire r-plane. For Si substrates, a buffer layer is required due
to high reactivity even at substrate temperatures as low as 550°C. YSZ provides a good
buffer, and our best results were obtained on clean, hydrogen-terminated surfaces rather
than oxidized Si. The amount of Y903 in ZrO2 was varied, and the best films were obtained
with x near 0.1 where (ZrO2)1-x(Y203)x is cubic. Epitaxial alignment of the YBCO with the
Si was achieved, but there was a substantial spread in orientations, accounting for the
diminished transport properties.

1. INTRODUCTION

Future electronic applications of high-T. superconductors (HTSC) will require high
quality thin films. Currently superconducting films are prepared by a variety of standard
thin-film deposition techniques including thermal evaporation, e-beam evaporation,
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magnetron sputtering, and ion-beam sputtering. A technique which is comparatively new,
yet has been demonstrated for HTSC thin-film deposition and which has a number of
advantages over other deposition techniques, is that of laser deposition.!~6 This deposition
technique has produced some of the best YBa2Cu3zOy (YBCO) thin films to date. Films with
sharp superconducting transitions have been prepared by laser deposition on several
substrates, including SrTiO3, MgO, LaAlOg3, and yttrium-stabilized zirconia (YSZ). These
substrates have the advantage of being relatively unreactive with YBCO at its growth
temperature (about 700°C) and also allow for a high degree of epitaxy; however, they also
have several undesirable properties for electronic applications, namely, high dielectric
constants, low mechanical strengths, and high costs. As a result, efforts have been made to
deposit YBCO on substrates such as AlgO3 and Si which do not have the above
disadvantages and, therefore, will be required for electronic devices. The difficulties in
achieving this goal are that both Si and AlpO3 react with the superconductor during the
high-temperature growth and annealing required to form the superconducting phase. Si, in
addition to being more reactive than AloO3, has the added problem that it rapidly forms a
thin, poor quality surface oxide thereby preventing epitaxy. Nonetheless, the rewards of
good HTSC films on Si make the studies worthwhile and have prompted many attempts.?

Here we describe our results on the in-situ laser deposition of YBCO thin films. Films
have been deposited on the standard substrates, SrTiO3, MgO, LaAlO3, and YSZ, that allow
for the growth of films with excellent electrical properties. These results serve as
benchmarks for the results of the growth of YBCO films on both Al203 and Si, the substrates
of primary interest here. Comparison of the results on these more reactive substrates is made
with those on the benchmark substrate materials. Section 2 presents the experimental
details. Section 3 dc..ribes the results for the standard substrates and presents some of the
experimental details of the characterization techniques used. Sections 4 and 5 present the
results for AlpO3 and Si substrates, respectively. A summary is provided in the abstract.

2. EXPERIMENTAL METHOD

In all cases, the film deposition was carried out by pulsed laser ablation using a
PolyGun [Kurt J. Lesker Co.] system.6.8 This system has a ten-sided polygon target holder.
It holds ten hot-pressed targets, mounted on its faces, and is rotated such as to provide
ablation pulses at a frequency between 1 and 10 Hz. A typical rate is 5 Hz. The pulses from a
308 nm XeCl excimer laser {Lambda Physik EMG 103] are synchronized with the target
wheel rotation to ablate the target or targets of interest during each revolution. For YBCO
on sapphire or the standard substrates, this corresponds to hitting only one or more bulk
YBCO targets per revolution. While the target wheel rotation is not necessary for a single-
target case, the rotation does significantly reduce the target temperature rise by limiting its
exposure to radiation from the hot substrate. The deposited films have better surface
morphology as a consequence.9 Also the target wheel is surrounded by a water—cooled can
with a small opening to allow for the laser ablation. This further reduces the heating of the
targets and minimizes back-sputtering of one target onto another. The full advantage of the
rotating polygon comes into play for multilayer film depositions and for the mixed deposition
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of film materials from more than one target. The example, which is described here and which
covers both of the two cases, is YBCO on Si where buffer layers are required. The buffer used
here is YSZ which contains 9 mole % Y203 in ZrOz2 to stabilize the cubic, fluorite phase. One
could use a single YSZ target, but we used ZrOz and Y203 targets to study the influence of
the amount of Y, and thereby the structure of this buffer layer, on the YBCO film. For the
YSZ buffer, (ZrO2)1-x(Y203)x is deposited by adjusting the ratio of the number of pulses
directed at the ZrOg and Y203 targets. Atomic-scale intermixing of the YSZ is assured, since
each pulse only deposits about 0.2 A of either oxide. Following the deposition of the buffer,
the laser firing sequence is changed to deposit the YBCO film from a bulk YBCO target(s).

The output of the excimer laser is defined by an aperture which is imaged by a 25 mm
lens into the vacuum chamber and onto the targets. The laser spot size on the target is
typically 1.4x3.5 mm2. The turbo-pumped vacuum system has a base pressure of about
5X10-7 Torr. Other typical parameters are the following: a laser pulse energy up to 150 mJ,
an energy density of 1 to 2 J/cm2, and a target-to-substrate distance of 3.5 to 5.5 cm. Most of
the depositions were performed with a laser energy density of 1.2 J/cm2 and a target-to-
substrate distance of 5 cm. Deposition rates of about 1-2 A/sec of YBCO are achieved for
these parameters.

The YBCO depositions are carried out at an elevated substrate temperature in an
oxygen atmosphere. These are adjusted for in—situ growth; no post anneals of the films are
performed. The oxygen ambient during YBCO deposition is approximately 200 mTorr with a
flow rate of about 50 sccm. Use of a 2.45 GHz atomic oxygen source does not appear to
substantially improve the YBCO film quality at the optimum oxygen pressure and substrate
temperature. After YBCO deposition, the oxygen pressure is increased to about 400 Torr and
the sample is cooled by turning off the heater. If the oxygen pressure is not increased but
rather is kept at 200 mTorr during cool down, then poor-quality films are obtained. The
substrate temperature is the most important parameter for in-situ deposition: ideally, high
enough for film growth but not high enough for significant reaction of the YBCO with the
substrate. This point is discussed further below for each of the substrate systems studied.
The substrates are heated by a quartz lamp. The lamp housing temperature is measured and
controlled by a nearby thermocouple and the substrate temperature is measured using an
optical pyrometer.

For YBCO/Al203 good films are obtained only in a narrow substrate-temperature
window of 650-670°C.10,11 For substrate temperatures too high, reaction occurs and the
resulting films are transparent and insulating. For substrate temperatures too low, poor
epitaxy and film orientation occur, resulting in lowered critical current densities.

For deposition on silicon substrates,8,12,13 three configurations were studied: (1)
YBCO/SiO9/Si, (2) YBCO/Si, and (3) YBCO/YSZ/Si. In case (1) the SiOg is a 150A-thick,
MOS-grade thermal oxide. The clean Si surfaces used for (2) and (3) are spin-etched free of
oxide and hydrogen—-terminated in a nitrogen-purged hood{4, then immediately introduced
into the deposition chamber through a load lock. Their surfaces have been demonstrated to
be atomically clean and devoid of oxide prior to the start of a deposition, conditions that are
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usually necessary for successful epitaxial growth. For (1) and (2), depositions at several
substrate temperatures in the vicinity of 7 00 C were performed.8.12 For (3) a two-substrate-
temperature deposition was used. First, the substrate temperature was increased to 550°C.
This temperature was chosen to minimize the reaction between Si and YSZ during growth.
At these temperatures the hydrogen was driven off, and then the YSZ deposited on a clean Si
surface (the vacuum is 5X10-7 Torr). After depositing about 10-20 A of YSZ, oxygen is
introduced to a pressure of 50 mTorr and the remainder of the film (thickness about 500 A) is
deposited. Second, the substrate temperature was increased to 725 C, the oxygen pressure to

200 mTorr, and about 2000 A of YBCO deposited. The run was completed by cooling the film
in 400 Torr of oxygen.

3. EXPERIMENTAL RESULTS: YBCO on SrTiO3, MgO, LaAlO3, and YSZ

The general procedure in the investigation of film growth was to deposit films under
different deposition conditions. The resulting films were characterized electrically by
measuring the resistivity versus temperature (p versus T) in all cases. For some films the
microwave surface resistance, R;, and the critical current density, J¢, were measured at
selected temperatures up to the superconducting transition temperature, T¢. The films were
also characterized structurally using x-ray diffraction and, in some cases, transmission
electron microscopy (TEM). The compositions of selected films were checked using electron
microprobe analysis. In some cases, the deposited-film/substrate interface was investigated
using photoelectron spectroscopy. The results of these measurements feed back to the

deposition conditions to arrive at the best quality in-situ films with parameters as given in
Section 2.

Depositions of YBCO on the standard oxide substrates, SrTiO3, MgO, LaAlO3, and
YSZ, generally produced good quality films. Typically the superconducting transition
temperature increased with substrate temperature, Ts, until significant reaction occurred.
The optimal T for these substrates was about 700°C, as measured with an optical pyrometer.
The resulting zero resistance temperature, T.o, ranged from 87K to 91K. The
superconducting transitions were sharp with 90%-to-10% transition widths ranging
between 0.5K and 1K. The room temperature resistivities fell between 200 and 300 yQ-cm
and have resistivity ratios, R=p(300K)/p(100K), between 2.8 and 3.0. The p versus T curve
for 1000 A of YBCO deposited on a LaAlOj3 substrate is shown in Fig. 1. It has T,o=91K, a
transition width =0.5K, and R=3. This curve is typical of those for YBCO on these
substrates!5 prepared with Ts=700C.

The surface impedance was measured using a parallel-plate resonator technique. In
this method, two rectangular samples of superconductor are pressed together with a
dielectric spacer in between. From the Q factor of this resonator in the 10 GHz frequency
region, a surface impedance can be calculated. This method yields a value of 24 uQ for Nb
thin films at 11 GHz and 4.2K, consistent with values from cavity measurements!6. For
sputtered films of YBCO on MgO and LaAlQOg3, values of Rs is as low as 50 u{Q at 11 GHz and

4.2K were obtained. Thus the surface impedance of good YBCO films is comparable to that of
Nb.
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Fig. 2. Critical current density versus
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Transport critical current densities were determined in two ways: (1) by measuring the
magnetization hysteresis loops and analyzing them in accordance with Bean’s critical state
modell?, and (2) by measuring the resistivity of films patterned into fine lines of widths
ranging from 1 to 7 pm. The two techniques gave comparable values for J.. For the second
technique, the patterning was done by wet chemical etching using dilute nitric acid, and a
voltage drop of 0.4 pV was used to define the critical current. An example of the results of
this technique is shown in Fig. 2, which displays J. versus temperature for 1200 A of YBCO
on SrTiO3 that had been patterned into lines of width 1.4 and 4.3pm. The two different line
widths yield the same J as does scanning either up or down in temperature. J is seen to be
proportional to (1-T/T.) and to equal 3.2X 107 A/cm2 at 4.2K. Comparable values of J. are
obtained for YBCO films on the other substrates.

The structures of the films were investigated using x-ray diffraction. Diffractometer
scans show preferential c-axis orientation for all the films, as shown in Fig. 3 for 1000 A of
YBCO on (100) YSZ. Only the (00n) YBCO diffraction lines are observed and their intensity
is high, consistent with a high degree of c-axis orientation. That the c-axis tilt misalignment
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of the grains is small is confirmed by the narrowness of the omega rocking curves. For the
strong (005) YBCO peak, this width is only a few tenths of a degree.!8

There is also substantial alignment in the a-b plane. A scan in phi of the (103) YBCO
diffraction peak shows a high degree of in-plane orientation. Large peaks of equal intensity
every 90° in phi indicate that the [100] and [010] directions are aligned with the <110>
directions of YSZ. Since the lattice constant of YSZ is 5.2 A and a=3.823 A and b=3.886 A
for YBCO, the lattice mismatch is 4% and 6% for the two possible orientations. Thus, we
observe heteroepitaxial growth of YBCO on YSZ, and also for YBCO on SrTiO3. This high
degree of orientation accounts, in large part, for the high critical current densities and low
surface impedance obtained for these films.

4. EXPERIMENTAL RESULTS: YBCO on Al203

Due to the high reactivity of sapphire with YBCO, the substrate temperature is an
even more critical parameter than for depositions on the substrates of Section 3, where the
usual growth temperature is about 700°C. Above Ts=700°C, severe reaction between YBCO
and Al203 occurs.19.20 For YBCO/Al203 good films were obtained only in a narrow
substrate-temperature window of 650C-670 C.10.11 However, this lower temperature and
the severe lattice mismatch between the sapphire r-plane, (1102), and the YBCO a-b plane
degraded the YBCO properties. This is illustrated in Fig. 4 which shows the resistivity
versus temperature for a 2000A-thick film deposited at Ts=670"C. Comparing Figs. 1 and 4
we see that the room temperature resistivity and R are comparable for sapphire and LaAlO3
substrates. However, T¢o is lower (88 versus 91K) and the transition width is larger (1 versus
0.5K). The surface impedance at 13 GHz and 4.2K is 1 mQ, 20 times larger than for the best
reported values for YBCO/LaAlOg3. In addition the critical current density, as determined
from the magnetization hysteresis loop, is only 5.4x 106 A/cm2 at 4.2K and 3kG, 6 times
lower than that for YBCO/SrTiO3 and YBCO/LaAlO3. Nonetheless, these electrical
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parameters for YBCO/Al203 are the best reported to date. They are somewhat poorer than
films on our benchmark substrates, and the reasons can be found in the structural results.

The structures of the films were investigated using x-ray diffraction and cross-section
TEM (XTEM). A four—circle diffractometer in the Bragg-Brentano geometry with Cu K4
radiation was used for the x-ray studies. Fig. 5 shows the diffraction scan for the
YBCO/Al203 film of Fig. 4. As in Fig. 3 for YBCO/YSZ only the (00n) YBCO diffraction
peaks are observed indicating that the film is oriented, with the c-axis nearly perpendicular
to the substrate surface. For this film, however, the omega rocking curve of the (005) peak is
large with a full width at half maximum of 2.5 degrees. This is to be compared with values of
a few tenths of a degree obtained for YBCO films on SrTiO3 or MgO. This indicates that,
unlike YBCO films on the standard substrates, the c-axis tilt misalignment of the grains for
YBCO/A1203 is substantial.

There is also substantial misalignment in the a-b plane. A scan in phi of the (103)
YBCO diffraction peak, Fig. 6, shows in-plane orientation. Large peaks of equal intensity
every 90° in phi indicate that the [100] and [010] directions of YBCO are aligned with the
<2201 > directions in the r-plane of AlpO3. The peak widths and broad tails, however, show
that there is a considerable distribution in this in-plane orientation. This misalignment in
the a-b plane is due to the lattice mismatch as seen by considering the structure of the r-
plane of sapphire, Fig. 7. The atomic spacing in the r-plane along the <2201> directions is
3.48A compared with a=3.823A and b=23.886A for YBCO. The lattice mismatch is about
10% and the [2201] and [0221] directions are not orthogonal, but about 2° off. The
misalignment is evident also in the XTEM micrograph shown in Fig. 8. Epitaxial growth is
seen since the YBCO planes are aligned with the sapphire planes. There is a tilt of about 4° of
the c-axis of YBCO with respect to the sapphire [1102] direction. This sort of misalignment
can account in part for the width of the omega rocking curve. So heteroepitaxial growth does
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Fig. 6. A scan in phi of the (103) YBCO
Fig. 5. Diffraction scan for a 2000A-thick diffraction peak for a 2000A-thick
film of YOBCO deposited on Al2O3 at film of YBCO deposited on AlgO3 at
Ts=670C. Ts=670C.
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Fig.7. Sapphire r-plane surface Fig.8. Cross sectional TEM micrograph of
perpendicular to <1102>. a 2000A-thick film of YBCO
deposited on Al;03 at Ts=670°C.

occur for YBCO on Alp03, but there is substantial misalignment. This misorientation
accounts, in large part, for the reduced critical current densities and increased surface
impedance obtained for these films.

5. EXPERIMENTAL RESULTS: YBCO on Si

YBCO is substantially more reactive with Si than with Al2O3. Even at temperatures as
low as 550C, substantial reaction occurs. This is evident in Fig. 9 which displays the x-ray
photoemission spectra (XPS)8.12 of a thin layer (20 A) of YBCO on 150A-thick, MOS-grade
8i02 on Si and on clean Si (hydrogen terminated). The bottom four curves in the figure are
from films prepared at three different substrate temperatures. The top three curves are
reference spectra from Y203 powder, bulk YBCO2! and thick (1000 A) YBCO on SiO2 on Si.
The binding energy region shown includes both the Y 3d and Si 2s core levels. Two aspects of
these spectra are to be noted. First, there is a shift of the the Y 3d peak for the thin YBCO
films, which is largest for the highest Ts. Second, a Si 2s peak is visible in all the thin (20 A)
film spectra and its intensity increases with Ts. This Si peak is visible not only in the normal
emission but also in glancing emission (very surface sensitive), showing that the Si is
present throughout the films. Clearly the Si is reacting with the YBCO even at the lowest T,
of 550C. A similar conclusion can be drawn from the Ba 3d XPS. The presence of this much Si
renders the film insulating and charging in the XPS beam causes the Y 3d and Ba 3d lines to
shift. These observations explain why YBCO films grown on Si or SiO2 have poor electrical
characteristics and only approach good DC electrical properties for very thick (~1 pm)
films.22
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Binding Energy (eV)

Fig.9. X-ray photoemission spectra of the
Y 3d and Si 2s core level region for
three reference compounds and
four 20A-thick YBCO films on Si.

From these results and others, it appears that high quality films on Si will only be
possible with suitable buffer layers that provide chemical stability and also allow for sharp,
epitaxial interfaces. A promising candidate, in this regard, is YSZ since it apparently
satisfies both criteria. First,YSZ can provide the necessary chemical reaction barrier. In a
similar XPS study8.12 to that described above, 20 A of YSZ or zirconia deposited on Si at
Ts=670"C showed essentially a fully buried, unreacted interface. This, plus the fact that
excellent YBCO/YSZ films exist, indicate that YSZ probably has the necessary chemical
inertness with both Si and YBCO, even though some reaction with YBCO has been noted.23
Second, YSZ lattice matches both Si (100) and the a-b plane of YBCO, so the potential exists
for sharp, epitaxial interfaces in YBCO/YSZ/Si systems.24

The resistivity of a YBCO film on Si with an intervening YSZ buffer layer is shownoin
Fig. 10. The Si substrate was thermally oxidized Si (100). The YSZ was deposited at 580 C,
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as described in Section 2. This particular 200A-thick buffer did not have the ideal Y203
content of 9% but rather 4-5%. The 2500A YBCO film was deposited at 725°C. These results
are reasonably good, with T¢9=86K and metallic conductivity in the normal state.
Nonetheless, the conductivity results are poorer than for the benchmark films: T is 5K
lower and p(300K) 20 times larger. Also the x-ray diffraction pattern shows c-axis
orientation but the peaks have large omega-rocking—curve widths, indicating a substantial
distribution in the c-axis alignment.

In an attempt to achieve better epitaxy, comparison was made between multilayer
films grown on hydrogen-terminated Si with those grown on thermally oxidized Si surfaces.
No improvements in the transport properties were noted initially. However, better quality
films appear to be possible with hydrogen-terminated Si as seen in the XTEM images of
Figs. 11 and 12. Inspection of Fig. 11 reveals a rough interface between the YSZ buffer and
the substrate for the multilayers grown on the oxidized Si. The YSZ is epitaxial and oriented
to the Si lattice, but small-grain polycrystalline. For the clean Si surface (Fig. 12), however,
the two interfaces are atomically abrupt and smooth. Also the the YSZ is polycrystalline
with a bias toward a discrete set of possible orientations with the Si planes. Here an SiO2
layer has regrown at the interface of the YSZ and Si because of the high temperatures and
high oxygen—-ion mobility through the YSZ. Nonetheless, the sharp interface and epitaxy for
this case indicates that the clean, hydrogen-terminated Si surface should provide a better
surface for buffer layer and YBCO growth.

To further improve the YBCO/YSZ/Si interface, films were grown on hydrogen-
terminated Si and the composition of the (ZrO2);-x(Y203)x varied in the polygun process, as
described in Section 2. The film quality is best at x=0.1. The film’s surface morphology,
interface, crystal structure and conductivity deteriorate dramatically as x goes to 0 where
the resulting (ZrOg);_x(Y203)x is no longer cubic. This suggests that the cubic phase is
forming near x=0.1, lattice matching to Si and providing for epitaxial YBCO growth. The
XTEM results of Figs. 13 support this conjecture. The YSZ/Si interface is smooth and sharp.

Fig.11. XTEM lattice image of YSZ on Si Flg 12. XTEM lattlce image of YSZ on Sl-
(100), which has an 150A-MOS- (100), which has been stripped of
grade SiO2 on the surface. oxide using a spin-etch process.
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Fig.13. XTEM lattice image of the
interface regions of YBCO/YSZ/Si
for x=0.1.

The YSZ film shows a polycrystalline structure with grains of both the cubic and tetragonal
phases of about 100 A in diameter. The YBCO is oriented with the c-axis normal to the
substrate. Also an x-ray diffraction scan in phi about the (103) YBCO diffraction peak
indicates orientation of the YBCO a- and b-axes with Si <110>. The peaks are broad,
however, showing that the there is still substantial misorientation. Also the p versus T is
similar to that of Fig. 10. Further improvements in epitaxial growth on Si are required to
achieve transport properties comparable to those of our benchmark materials.
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ABSTRACT

We present data on thin films of YBa2CuzO7 (YBCO) and YBaa(Cuy_yFey)307
prepared by laser ablation using a sequence of targets, including Cu-deficient
YBazCug 407, CuO, and (CuO)y_y(FeO)y. This technique achieves mixing on an
atomic scale. We find that stochiometric films, made using a combination of the Cu-
deficient target ana CuO, have a sharp transition (width < 1K) near 90K although
the Cu-deficient material alone has a broad transition at a lower T.. We have
achieved substitution of Fe on the Cu sites, using a sequence of the three targets for
a range of Fe concentrations. T¢ decreases nearly linearly with concentration and T,
— 0 near 15% Fe. The T, suppression for the films is slightly less than the
corresponding value obtained for bulk samples.

INTRODUCTION

Many experimental investigations have been directed towards a better
understanding of the role that the Cu(2)-O planes and the Cu(1)~O chains play in
the high T, material YBaoCu307 (YBCO). One approach to probe these lavered
materials is to substitutel-4 other atoms such as Co, Fe, Ni, and Zn for some of the
Cu. In all cases of Cu substitution in YBCO, using both magnetic and non-magnetic
atoms, T, is significantly decreased at relatively low concentrations ~5%. For
several dopants, T, decreases linearly with concentration, with the largest
suppression3 occurring for Zn. For Fe substituted bulk samples!, T, — 0 at 14-15%.
Several investigations indicate that the Fe replaces Cu(1} in the chain sites at low
concentrations (< 10%) but that some Fe(2) exists at higher concentrations!.4.5. In
general, bulk sample studies show some variation in the amount of T. suppression
with concentration, likely the result of different sample preparation procedures.
However, small amounts of other phases (for example, considerable NiQ is present
in some Ni substituted samples6.7, and ZnO in Zn substituted samples) or
concentration gradients can vary the observed T suppression significantly.

To extend such investigations, we have prepared thin films of Fe substituted
YBCO using the laser ablation technique8-10, by successively ablating from a series
of targets. In principle this method should achieve mixing on an atomic scale as each
laser pulse ablates less than 0.5A. Consequently, the problems of impurity phases or
concentration gradients should be minimized unless there is a tendency tor
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precipitates to form. In this paper we present our results on stochiometric and Fe
substituted YBCO films made using a sequence of targets.

DEPOSITION TECHNIQUE

The laser deposition system uses a computer controlled rotating target holder
(POLYGUN) enclosed in a water—cooled shroud. The holder, containing 10 targets,
rotates at speeds up to 10 Hz and the laser is fired each time a desired target is
correctly oriented. The XeCl excimer laser pulse has a wavelength of 308 nm, a
pulse width of 17 psec, and an energy density on the target of 1-2 J/cm2. Deposition
is carried out under 200 mTorr Og pressure, with substrate temperatures in the
range 650-700°C. As soon as the deposition is completed, the Oz pressure is
increased to 200 Torr and the sample cooled to 200 C in 20 minutes. For YBCO the
deposition rate for a substrate-target distance of 5.5 cm, is about 0.35 A/pulse, while
for CuO and CuO-FeO mixtures, the rate is roughly 0.1 A/pulse. The targets were
made of pressed fine powders of Cu—deficient YBCO (YBa3Cuo2 407!, CuQ, and two
mixtures of CuO and FeO — (CuO)(FeO)x, with x=0.33 and 0.67. The Cu-
deficient YBCO target was made using the freeze dried technique. Substrates were
polished MgQ or LaAlQj3 crystals, 6mm x 6mm in size. They were attached to the
heater using Ag paste to achieve good thermal contact; the surface temperature was

measured using an optical pyrometer. Deposition temperatures were from 680 to
740 C.

YBCO FILMS FROM YBa3Cuz 407 AND CuO

The first step in this investigation was to verify that high quality YBCO films
could be prepared from two targets, the Cu depleted target and CuO. In Fig. 1 we

¥ L ] 1]

Cudepleted

Fig. 1. The relative
resistivity versus
temperature for the
Cu-depleted film and a
stochiometric film
depositied as described
in the text.

stochiometric
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compare the resistivity of two ablated films as a function of temperature; a film
made from the Cu-deficient target alone and a stochiometric sample made by
ablating YBauCug 407 and CuQ together such that the Cu content was increased to
3. The relative number of pulses on each target. required to achieve stoichiometry.
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was determined approximately by first measuring the thickness of YBCO and CuQ
films after 10000 pulses. The deposition rate for CuO and CuQ/FeQ mixtures is
about 18-20% that for YBCO. Fine tuning was achieved by checking thick (7000A)
composite films using the microprobe technique. Most of our good samples were
slightly (0.5 to 3 %) Cu-rich, and were made using three pulses of YBasCuy 407 to
one pulse of CuQ. The Cu~deficient film has a broad transition with 8T, (10-90%) =
14 K and a midpoint transition temperature T, = 80 K ( p=0 at 69 K). This broad
transition with a slightly suppressed T is typical of a number of Cu-poor samples
we have made. In contrast, the composite film made using the two targets, has a
transition midpoint of 87.3 K, a 10-90% transition width of 0.5 K and the resistivity
goes to zero at T = 87 K. This is only slightly worse than our best films on LaAlOj3
made using a single optimized YBCO target Several of the Cu-deficient and
stochiometric composite films were made to check on consistency. The values for T,
and §T¢ are very similar to the results presented here.

Fe SUBSTITUTED YBCO FILMS

Fe substituted films of various concentrations were prepared by sequential
ablation of three different targets, with part of the CuO required for stoichiometry
(as determined above) replaced by a mixture of CuO and FeO. For Fe concentrations
up to 7% a (Cu0)p g7(Fe0)g 33 mixture was used: different Fe concentrations were
obtained by changing the relative number of pulses on the pure CuO and mixed
targets. For concentrations between 7 and 15 %, two mixed CuO-FeO targets, with
33% and 67% FeO, were used. Most films were 1000 A thick, but two films, 7000A
thick, were made for concentration determinations using microprobe.

We show the x-ray diffraction for a 3.7% Fe substituted film in Fig. 2. Note the
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Fig. 2. X-ray difraction
S ofthe3.7% Fe
substituted film
- prepared using the Cu-
deficent and CuO/FeO
targets. The peaks
marked S are LaAlQ3
substrate peaks The
\ small peak at 33°is at
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logarithmic intensity scale. Only the [00n| peaks of YBCO are observed. indicating
that the c-axis is perpendicular to the substrate surface and that very little of the
film is orientated with the a- or b-axes perpendicular to the surface. These results
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show that high quality substituted films can be made by ablating several targets
sequentially. In Fig. 3 the resistivity as a function of temperature is shown for films

Fig. 3..The resisitivity
as a function of
temperature for the Fe
substituted samples on
LaAlOj3 substrates. The
Fe concentration is
relative to Cu.
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of different Fe concentrations. Note that all the transitions are quite sharp. A
relative resisti iy scale is used to separate the different curves; however it correctly
reflects the general trends with increasing concentration. The slope of the
resistivity curve above T, gradually decreases with increasing concentration while
the magnitude of the resistivity increases with increasing Fe concentration. For the
highest concentration sample, the resistivity curve has some semiconductor-like
character. Thus Fe substitution likely decreases the number of carriers as well as
decreasing T¢. Consequently the suppression of T¢ is a combination of mechanisms --
a lowered carrier concentration, lattice distortions4 and possibly some magnetic
interactions. In Fig 4 we plot T, as a function of concentration, (filled squares} with
T, for this plot defined as the midpoint in the resistivity curve. For comparison, the
corresponding values, obtained for bulk samples, are shown as X's. T, decreases
linearly with concentration but the suppression of T for the laser ablated films is
slightly smaller than for bulk samples. The scatter in T; as a function of
concentration Tor the laser ablated films is less than + 5K. Because the laser ablated
films are mixed on a unit cell level, the distribution of Fe should be uniform
throughout the sample. It is therefore tempting to speculate that the difference
hetween the present results and the bulk results is in part due to concentration
gradient effects in the bulk samples. If the Fe substituted bulk material has a
slightly higher concentration at the surface of the powder grains tuniform diffusion
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has not occurred), the measured T, could be lower than the value for a uniform
distribution.

In Fig.5 the 10-90% width of the resistive transition is plotted as a function of
the Fe concentration. The width is approximately proportional to the concentration
and becomes broad at high concentrations -- 25K -- near 12%. The increasing width
may indicate an inhomogeneous distribution of Fe in the films; if so this would
suggest that Fe has a tendency to clump as atomic scale mixing is expected with
laser ablation. The rather narrow width for 14% Fe is surprising and unexplained at
this point.

SUMMARY

We have made high quality YBCO films from off-stoichiometric YBCO using
two targets; a Cu-deficient YBCO material and CuO. When the correct amount of
CuO is added during deposition by ablating the two targets in a particular ratio, T,
for the film is high and 8T, is small. In general we find that Cu-poor films have
broad transitions while slightly Cu-rich films have a sharp transition. Fe
substituted films have been made using a sequence of laser ablations of three
targets. The resistive transitions remain reasonably sharp but broaden linearly
with concentration. T; in the films is not suppressed by Fe substitution quite as
rapidly as found in bulk material.
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ABSTRACT

Epitaxial Fe—substituted YBa;Cu3Oj7 films on LaAlO3 substrates prepared by
pulsed laser deposition exhibit a large variation in T¢ with changes in the
cool-down rate of the films in an O environment immediately after
deposition. A rapid cool-down rate (200°C/min) yields surprisingly high-T,
films with T, > 75K for 13% of the Cu replaced by Fe, while a slow cool-down
of 10°C/min results in low-T, films with Tc - 0 at 11% Fe, a greater
suppression than reported for bulk materials. In addition, post—deposition
anneals in O; affect T, significantly, even for anneal temperatures as low as

370°C. These results are interpreted in terms of isolated and clustered Fe

atoms substituted on the Cu chains sites.




Substitution of Fe, Co, Ni, Zn, and Ga on the copper sites!-3 in the high
temperature superconductor YBa;Cu3O7 (YBCO) has served as an important probe
of the Cu-0 layers, both the chains and planes. Some recent investigations4-6 have
suggested that Fe and Co dopants, which normally reside on the Cu(1) chain site, can
be moved to the Cu(2) plane site by a series of vacuum and oxygen anneals. These
annealing procedures lead to an orthorhombic structure and, in some cases, to a
higher T¢ (less T, suppression). There is, however, considerable disagreement4-9 as to
whether a significant amount of Fe or Co is transferred to the Cu(2) site by this
thermal treatment. In addition, recent investigations have considered dopants, such
as, Fe, to be potential flux pinning centers, and measurements of the critical current
density, J, is found to be higher in Fe-doped YBCO than in the pure material at low
temperature and moderate magnetic fields.10 The superconducting transition
temperature, T, on the other hand, is lowered by the substitutions. For Fe dopants,
T.— 0 at 15 atomic % Fe in bulk materials?, while the T's for thin films are generally
higher11.12 and can be increased even further by annealing. There is now a wide

range in T, suppression reported, with no obvious explanation available.

We have made an investigation of thin films of Fe~substituted YBCO on LaAlO3
substrates produced by pulsed laser deposition. The T, suppression is less than that
for bulk samples and can be lessened even further with a faster cool-down rate. A
wide range in T¢ can be obtained for a given Fe concentration by varying two
primary parameters: (1) the substrate temperature and (2) the cool-down rate,
either in the deposition chamber or in a post-deposition anneal. The cool-down rate

has a very large effect for the Fe—substituted films but no effect on pure YBCO films.

The samples were prepared by pulsed laser deposition13 using a XeCl excimer
laser (308 nm) with an energy density at the target of about 3 J/cm2. The LaAlO3

substrates were attached to a thin wafer of Si or to an inconel holder using silver




epoxy and radiatively back heated with a quartz lamp.The surface temperature of
the substrate was monitored using a pyrometer. Depositions were made with 200
mT of O; present. The films were cooled in 400 T of O at rates from over 200°C/min
(fast-cooled) to 10°C/min (slow~cooled). The Fe substitution in the films was
achieved by using substituted targets or by using a combination of targets with an
appropriate sequence of laser pulses on the different targets, set to achieve the

desired concentration. The Fe concentrations ranged from 1 to 17%.

Fig. 1 shows a resistivity, p, versus T plot for the fast—cooled films deposited at
a substrate temperature, Ts, of 750°C for several Fe concentrations. In this manner,
the superconducting transition temperatures were obtained as a function of the
substrate temperature, T;, Fe concentration, x, and cool-down rate in the chamber
after deposition.The variation in T with cool-down rate is surprisingly large. For
example, with 9% Fe, T can range from 18 to 80 K. However, for a fixed set of
parameters, T¢ is both consistent and reproducible. We now describe the effects of

(1) substrate temperature, and (2) cool-down rate (and Fe concentration) on T.

The resuits for T¢ as a function of T for a series of fast-cooled, YBCO samples
containing 9% Fe is shown in Fig. 2. A plateau region with a high T, clearly exists
above T = 750°C, with a rapid fall off in T, in the range 675-725°C. In contrast, T, for
pure YBCO, drops off only slightly at the lower temperatures and is > 65 K for this

substrate temperature range.

Fig. 3 displays the concentration dependence of T, for samples fast cooled from
Ts of 700 and 750°C; the latter corresponds to the data of Fig. 1. A small T~
suppression at low concentration, x, and a flattening out of the curve above 10% Fe
is observed. We attribute the independence of T, on x to the formation of small

precipitates of other phases at high concentrations (x> 10%). The presence of those




other phases appears to have little effect on the superconductivity of the film; it is
the concentration of Fe in the film plus local atomic arrangements that determine

the T, suppression.

The most striking dependence of T on deposition parameter is with the cool-
down rate after deposition. Fig. 4 shows T as a function of Fe concentration for a
slow cool-down rate in the deposition chamber of 10°C/min, starting at T = 700-C.
For these films, T — 0 near 11% Fe, in contrast to the fast cool-down films where T,
is 60K at 9% Fe (see Fig. 3). This is the most dramatic variation of T we have
observed for in situ deposition. Similar results are obtained for samples cooled slowly

from 700°C in a furnace after deposition.

These results indicate that high T.'s can be obtained in Fe~doped films using
high substrate temperatures and very fast cool-down rates. This may be very

important for increasing flux pinning and possibly for increasing J¢ in thin films.

How can one understand such a large variation in T, suppression and the wide
range of results reported in the literature? We propose the following model. The
rapidly—cooled samples should have the Fe atoms widely dispersed throughout the
film. Since such films have high T¢'s, it is unlikely that a large fraction of the Fe atoms
are in the conducting Cu(2)-O planes. Zn and Ni, which do occupy the Cu(2)
sites1.2,3,14,15, both suppress T strongiy. This hypothesis is consistent with the recent
measurements that show that Fe diffuses well in the a-b plane but not along the c-
axis16, If the Cu(2) site were significantly occupied, then diffusion along the c-axis
should be larger, as observed for Zn and Ni substituted samples. Thus, the rapidly-
cooled samples have well-dispersed, isolated Fe atoms on the Cu(1) sites; the

isolated Fe(1) atom has little influence on the carrier concentration in the Cu(2)




conducting layers or on the crystal structure, the crystal remains orthorhombic, and

T. remains high.

For slowly cooled samples, clustering occurs, perhaps because of a tendency to
form short Fe-O bonds. These clusters likely induce new grain or twin boundaries,
but do not result in precipitates of another phase. For example, if the clusters form
as chains along the <110> directions!7, they could lead to microtwinning and an
average tetragonal crystal structure, as observed in diffraction measurements.The
resultant distortions in the lattice, induced by the clusters, are now of much longer
range and extend into the Cu(2) layers. We suggest that it is this distortion of the

lattice that destroys superconductivity, possibly by partial localization of carriers.

The vacuum/oxygen annealing experiments4-6 that lead to an orthorhombic
crystal structure might be explained within such a model as follows. In a vacuum
anneal at 600-700°C, some of the O in the Cu(1) layer is removed and the Fe atoms
become partially dispersed because there is not enough O present to promote the
clustering. This requires that the Fe atoms are reasonably mobile above 600°C. In a
lower temperature anneal in oxygen (typically about 400°C), the O atoms move
easily throughout the crystal but the Fe atoms probably do not. This would lead to a
orthorhombic structure for the re-oxygenated sample and possibly to higher T('s if
our assumption above, that isolated Fe(1) atoms have little effect on T, is correct.
However, if only a fraction of the Fe ends up as isolated atoms, the width of the

transition will likely broaden significantly.

In summary, T, for YBCO:Fe thin films is found to be very sensitive to the
substrate temperature during deposition and the cool-down rate in O immediately
after deposition is completed, in contrast to results for pure YBCO. T as high as 75 K

can be achieved for 13% Fe YBCO films when using a high value of T and a fast cool-




down. There is a critical substrate temperature near 700°C for a high T¢ in YBCO:Fe
films. One must cool through this critical temperature rapidly; otherwise some phase

or cluster of Fe defects, detrimental to superconductivity, forms.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

FIGURE CAPTIONS

Resistivity versus temperature of YBCO:Fe films for several Fe concentrations,
fast cooled (200°C/min) from Tg = 750°C. The vertical scale has been adjusted

to separate the curves but the order of increasing resistivity is retained.

Superconducting transition temperature versus substrate temperature for

fast-cooled (200°C/min) YBCO films containing 9% Fe.

T versus Fe concentration for films fast cooled (200°C/min) from two

different substrate temperatures.

T versus Fe concentration for films slow-cooled (10°C/min) from 700°C.
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Epitaxial YBa,Cu,0, films were grown on Al,O, {1012} by a laser ablation technique. X-ray
diffraction shows that films are epitaxial with the ¢ axis perpendicular to the substrate surface
and “123” [110] aligned with sapphire | 1011}, although the full width at half maximum of
the rocking curve is larger than those of epitaxial films on SrTiO;. Typical T,’s are between 85
and 88 K with transition widths between 0.5 and 3 K. The normal-state resistivity is 270

#€2 cm at 300 K and extrapolates to zero at zero temperature while the magnetizatiop J. isas
high as 5 10* A/cm? at 4.2 K. High-frequency loss measurements show that 2000-A-thick
epitaxial films on Al,0, {1012} have a surface impedance about 1 mQ at 13 GHz at 4.2 K.

Epitaxial thin films of YBa,Cu,0, (“123”) have been
grown successfully on substrates such as SrTiO,, MgO, yt-
tria-stablized zirconia (YSZ), and LaAlO, by various depo-
sition techniques.' Even though the *“123” films on these
substrates have excellent properties, the high dielectric con-
stants and losses, low mechanical strengths, size limits, or
high costs of some of these substrates have led to efforts to
deposit “123” thin films on other substrates like Si and
Al,O,. The reaction of Si and Al in Al,O, with the “123" at
high temperature has been the main obstacle to these efforts.
Various buffer layers have been tried to minimize the reac-
tion between the film and the substrates and some successes
have been reported.? With an in situ technique, the growth
temperature of the *“123" comes down to about 650 *C, mak-
ing it possible to grow thin films of **123” directly on Al,O,,
because the Al,O,; does not react seriously with the film until
700 °C.? Epitaxial thin films of **123” on Al,O, could be very
useful in applications such as high Q resonators, delay lines,
and infrared bolometers because of the high debye tempera-
ture, high thermal conductivity, low microwave loss, high
mechanical strength, and easy availability of Al,O,. Espe-
cially for infrared bolometers, the mechanical strength of
Al,O,, enabling the substrate to be as thin as 25 um, and its
high thermal conductivity result in a short relaxation time
7 = C/G.* In this letter we report the successful synthesis of
epitaxial 123" films on r-plane {1012} AL, O, by laser abla-
tion. We also report their structural characteristics, trans-
port properties, and high-frequency loss.

As described in earlier publications,’ 123" pellets were
ablated by a Lambda Physik excimer laser model EM6-103.
The pulse energy was 150 mJ and the pulse duration was 15
nS. The beam was focused and imaged by a 25 c¢cm focal
length lens onto the pellets. The spot size was approximately
1.2 mm x 2.5 mm, which corresponds to beam energy den-
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sity of 1.2 J/cm?® A unique aspect of the deposition system
was that several pellets were mounted on a rotating wheel
and a shaft encoder synchronized the laser pulse with the
position of each target. The distance of the target and the
substrate was varied between 3.5 and 5.5 cm. However, ex-
cept for the deposition rate and the density of surface parti-
culates, we did not see any significant dependence of sample
characteristics on the distance. Oxygen pressure of 200
mTorr was maintained during the deposition and the
chamber was backfilled with oxygen up to 400 Torr after the
deposition.

Substrate temperature has been the most critical depo-
sition parameter in growing epitaxial “123" films on sap-
phire. If the temperature was too high, the films came out
clear, probably a result of reaction with the substrate. If the
temperature was too low, the epitaxy and orientation were
not as good as the films grown at higher temperature, result-
ing in poor transport properties. Therefore, there is a narrow
temperature window in which one can grow good epitaxial
*123" thin film without severe reaction with the sapphire
substrate. The substrates were glued on a Inconel substrate
block with silver paste and cured on a hot plate around
150 °C for 30 min. The substrate temperature of 650 to
670 °C was read by an optical nyrometer. The temperature of
the cavity, which was heated by a quartz lamp, was con-
trolled with a thermocouple.

Figure 1 shows a resistive transition of an epitaxial
*123" thin film on sapphire. The transition temperature was
88 K and the transition width was less than 1 K. The room-
temperature resistivity of 270 uf) cm and the resistivity ex-
trapolating to nearly zero at O K are similar to those of single
crystals and high quality c-axis oriented epitaxial films on
SrTiO,.°

Figure 2 shows two x-ray diffraction scans from an epi-
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FIG. I. Resistivity vs temperature data of a 123" film on sapphire {1012}.

taxial 123" thin film on sapphire [ 1012). Figure 2(a) isac-
axis scan, showing that the film is highly oriented with the ¢
axis nearly perpendicular to the substrate surface. For this
sample, the sample orientations at the centers of the *“123"
[005] and sapphire [1012] reflections differed by about 1°,
but the full width at half maximum of the [005] rocking
curve was 2.5°. In comparison, good post-annealed films of
*“123" on SrTiO, show rocking curve widths of 0.3°-0.4°’
and those of in situ grown 123" on MgO are as narrow as
0.2°*Figure 2(b) is a @ scan of the 123 [ 103 ] peak, where
the @ axis is nearly parallel to the “123” ¢ axis. The peaks
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FIG. 2. (a) c-axis scan of 2 123" film on sapphire {1012} (b) @ scan of
{103} peak of 3 “123" film on sapphire {1012}.
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correspond to the a and b axes of the 123" aligned close to
the sapphire [2201] directions. The peak widths and broad
tails indicate considerablc dispersion in the *123” in-plane
orientation. _

Figure 3 depicts the sapphire [1012] surface showing
selected crystal axes and repeat distances. The **123" epitaxy
is somewhat analagous to epitaxial Si grown on sapphire
{1012), where the Si [100] is aligned with the sapphire
(1011].° In the case of “123", it_is the {110] directions
which are close to the sapphire [ 1011], as the relative lattice
spacings would suggest. The relatively wide dispersions in ¢
axis and in-plane alignments of the *“123” on sapphire are
likely due to a combination of the large lattice mismatch and
the nonorthogonal axes in the sapphire surface.

The critical current density was measured by a magneti-
zation hysteresis loop according to Bean's critical-state
model.'® Figure 4 shows a magnetization hysteresis loop of
an epitaxial **123” film on sapphire. The Bean formula gives
J. =54x10° A/cm® at 4.2 K in 3 kG. This value is not as
large as that for epitaxial films on SrTiO, or LaAlO,, which
is about a few times 10’ A/cm?, but is the highest so far
reported on sapphire substrates. This lower value is probably
due to the higher degree of orientational disorder.
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FIG. 4. Magnetization hysteresis loop of 2 6 mm x 6 mm » 2000 A 123"
fim on sapphire {1012} at 4.2 K.
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The rf surface resistance of these films was measured by
use of a parallel-plate resonator technique. In this method,
two rectangular samples of superconductor with similar di-
mensions are pressed face to face with a thin sheet of dielec-
tric material serving as a spacer. This configuration provides
a family of transverse electromagnetic modes. For a suitable
choice of dimensions and materials, the bandwidths of these
modes can be used to calculate the average surface resistance
of the two superconducting materials in a straightforward
fashion. When this method is used to measure thin films of
Nb, a value of 24 u is obtained at 11 GHz and 4.2 K. This
value is consistent with cavity-based measurements of solid
Nbat4.2K."

For the *123" film on sapphire, a resonator Q factor of
approximately 6000 was obtained at 4.2 K and 13 GHz with
a 250-um-thick dielectric spacer. This corresponds to a sur-
face resistance R, = 1 mqQ. It is clear that this value cannot
be attributed to resistive loss alone. Uncertainties in the de-
tailed structure of the film lcave open the possibility that rf
leakage through the films may be a substantial contributor to
the width of the resonances. For sputtered “123” on other
substrates, R, values as low as 50 42 at 11 GHz have been
obtained. This value has been achieved on both MgO and
LaAlO, substrates with films that were 2500 and 3000 A
thick, respectively.'? The fact that the R, of epitaxial “123"
films on sapphire is about 20 times higher than that of epitax-
ial *123" films on MgO, in spite of their comparable normal-
state dc resistivity, suggests that the microstructural disor-
der might play a major role in generating microwave loss.'?

In summary, it is encouraging that the epitaxial *123"
films can grow on sapphire {1012} planes and have sharp
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transtions, low dc resistivities, and high J,. ..owever, the
higher R, of these epitaxial “123” films on sapphire is a
current obstacle to microwave application of these films.
Whether the large lattice mismatch necessarily leads to dis-
order that causes such loss is currently under study. Even if
true, it may be possible to overcome this problem by growing
a buffer layer with better lattice match to “123.”
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PONCE?®, F. BRIDGES****, AND T.K. GEBALLE®***
*Xarox Palo Alto Ressarch Center, 3333 Coyote Hill Road, Palo Alto, CA 94304
**Santa Clara University, Santa Clara, CA 95053
***Stanford University, Stanford, CA 94308
s*s*University of California, Santa Crus, CA 95064

ABSTRACT
YSZ [ (YgO3)x (ZrO2)1.x ] buffer-layers for various compositions, x, and YBCO
(Y;BugCuqOu) films were grown on h Mrmmud Si(100) substrates by

Wohnhdﬂmhm--ﬁmcﬁudmwiﬂn.

YBCO films cn -terminated 8i(100) substrates (6] by laser ablation. We

have then correlated the resistivity versus temperature results for YBCO with X-

ray diffraction (XRD) and transmission electron microscopy (TEM) measurements
both the supercond

targets. i
prepared in this way. The films are ited from & si on the
target wheel. mmumwummammmmm
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the rotation does significantly reduce the target temperature rise by limiting its
exposure to radiation from the rubstrate. The deposited films have better surface
morphology as a consequence(8). .

The silicon substrates are hydrogen-terminated in a nitrogen-purged hood and
immediately introduced into the deposition chamber through a load lock. Their
surfaces have been demonstrated to be atomically clean and devoid of oxide prior to
the start of a deposition, conditions that are usually necessary for successful
epitaxial growth. The substrate tamperaturs is then elevated to 550C (chosen to
minimiss the resction between 8i snd YSZ during 3] ), driving off the
hydrogen, and the YSZ deposition commenced. After iting the first 1-2 nm of
the film (the base pressure is about 5.10-7 Torr ), oxygen is introduced at 50 mTorr
and the remainder of the fllm is deposited. Upon completion, the subetrate
temperature is increased to 725C, the oxyﬁ::mm to 200 mTorr, and about 200
nm of YBCO deposited. The run is comp by cooling the layers in 400 Torr of
oxygen. Both the YSZ and YBCO depositions use a laser energy of 1.2J /cm2 to
;ch.ievo a deposition rate of about 0.1-0.2 nm / sec at a 5§ cm target-substrate

istance.

EXPERIMENTAL RESULTS

Figure 1 shows optical micrographs of the surface of the films. The number of
asperities cha dramaticaily with x, particulsry for 0.08 <x<0.1. The smoother
mt:.u(:lz:i.tlt’aly Ys'z'?luLmu-. implying mmm gl mﬁ
p ou L asperities are geners
primarily during YSZ, rather thawr YBCO

, growth.
* .

Figurel. Opﬁumpb of the surface of the films for x =(a) 0; (b) 0.05; (c) 0.1;

The 8i-YSZ and YSZ-YBCO interfaces have been examined by cross-sectional
transmission electroo microscopy (XTEM). In each case, a thin oxide layer about 3
nm thick is present at the Si-YSZ interface although it becomes smoother and less
diffuse as x increases. This oxide has regrown as the result of high Oz = ion mobility
in YSZ during the YSZ film ition. The YSZ-YBCO interface also becomes
smoother but less markedly. most dramatic change, however, is in the
structure of the YBCO film. At x=0 the film is highly polycrystalline with minimal
preferred orieantation, but above x=0.05, there is an increase in grain size and
in the degree of c-axis orientation. Figure 3 shows results for x=0.1. The YSZ film
shows & polycrystalline structure with grains of both the cubic and tetragonal

FLSFTEN

.
A
Y
~
3
\

$;!




Figure 4 shows the dramatic dependence on x of the conductivity of the YBCO.
At x=0, the YBCO is insulating and no measurements could be obtained. Butm

increasing z, the superconducting at first rapidly and
alowly detariurate again. The best reeults are oblained for the x=0,1 film. At thia
composition, the superconducting of the YBCO are still inferior to those
of similar films deposited directly on substrates(7}.

DISCUSSION

The data, summarised in Table 1, on surface morphology, interface and
structurs, and conductivity all demonstrate that the value of x plays a critical role
inpnpaﬁn(ﬁumm&rhmfcthmbnqmtmwthdYBCO. That many

x 0 0.08 0.1 02

Relative Roughness 10 3 1 1
Relstive {005}-Peak 1 90 100 110
Te, (K) Insulating 62 T 70
AT, (K) Insulating 28 13 20
p300 (pQ.cm) Insulating 24,000 6,300 13,000
Pratie Insulating 18 2 - 1.88

Table 1. Variation of structural and slectrical parameters withx

of the properties are optimized near x=0.1 is su ive that the cubic YSZ phase is
forming aere, lattice matched to Si{3]. The XTEM resuits support this conjecture,
albeit under the current deposition conditions, the cubic and phases are
intermixed with little preferred orientation. At x=90.1, the properties in Table 1 are
comparable to the best results for YBCO on buffered Si-substrates{1]. The
next step toward the growth of high quality YBCO must therefore' be to find
conditions under which cubie YSZ with x=0.1 can be grown ss a single phase with
its <100> direction normal to the substrate.

Tnlxagotk is partially supported by AFOSR (FB, THG), AT&T (DKF), and NSF
( . ey - .
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Figure 2. XTEM of film withx=0.1 Figure 3. XRD of films withx =(a) 0

and (b1 0.2

phases of about 10 nm in diameter. The YBCO film above the YSZ is oriented with
the c-axis normal to the substrate interface. The YBCO is polycrystalline with
grain diameters of order 0.2 ym.

X-ray diffraction (XRD) from the films in the Bragg-Brentano geometry is
domimud’ by the (00n) peaks, typical of preferential c-axis orientation. The most
striking feature is a one-hundred-fold decrease in the scattering intensity of the
YBCO for x=0. The variation in the (00n) intensity among the other films was
small in comparison. Figure 3 shows 20.scans aligned to the Si (004) peak at
20 =69.3%(outside of plot) forx =0 and 0.2.
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Figure 4. Conductivity versus temperature for x=(a) 0.05; (b) 0.1; and (¢) 0.2
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HETEROEPITAXIAL METAL OXIDES ON SILICON BY LASER ABLATION

D.B.Fenner,”* DK.Fork.,” GAN.Connell,” J.B. Bayce,”
F.A.Ponce,” J.C. Tramontana,” A.M. Viano,* and T.H. Geballe®

*Xerox Palo Alto Research Center, Palo Alto, CA 94304.
* Physics Department, Santa Clara University, Santa Clara, CA 95053.
® Applied Physics Department, Stanford University, Stanford, CA 94305.

ABSTRACT

Thin epitaxial films of cubic ~ fluorite structured PI'O2 and YSZ (yttria — stabilized
zirconia) were grown on single crystal silicon substrates using the laser ablation—
deposition technique. X -ray diffraction theta two —theta, omega rocking and phi
scans indicate a high degree of epitaxial orientation of the films to the Si lattice. The
highest quality of epitaxy was obtained with the PrO, [111) oriented normal to
Si(111) surfaces and the cubic YSZ [100) normal to Si(100) surfaces. For both Pro,
and YSZ, high epitaxial quality required the removal of the Si native oxide prior to
deposition and careful control of the deposition environment. It was further found
that the YSZ films on Si(100) were an excellent surface for subsequent laser ablation
of YBCO films by the usual in situ process. The resistivity of this YBCO was =250
micro—ohm —cm at 300 K, extrapolated to the resistivity —temperature origin,
showed a sharp transition to zero resistance at =85 K and was nearly identical to
high quality YBCO films deposited on (bulk) YSZ substrates.

INTRODUCTION

The synthesis of high — temperature superconductor films on silicon substrates
has failed to keep pace with the rapidly improving films on other substrates, such as
SrTi0,, MgO, YSZ, and sapphire(1,2] This unfortunate situation has occurred
despite the efforts of mnny research groups and the obvious technological importance
of combining high - Tc superconducting materials with semiconductors. What is
called for is a process for heteroepitaxy, not simply deposition, of metal oxide films on
Si. Although many of the growth concepts are expected to be similar to those for
compound semiconductors on Si, it is clear that metal oxides present a new set of
challenges.

There are two central difficulties with Si as an epitaxial substrate: 1) [t causes
the copper oxide compounds to unde-go a decomposition reaction even at
temperatures as much as 200 °C below that normally considered necessary to form
good quality films by in situ processes, such as laser ablation. We previously
characterized this reaction using x — ray photoelectron spectroscopy (XPS) of 2 -3 nm
films of YBCO deposited directly on Si and S10., surfaces at 550 - 650 °C. The S
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primaniy formed metal silicate compounds.[3] 2) The surface usuaily formed is
unsatisfactory for epitaxial growth of crvstalline YBCO since the reaction products
and most bulfer films are either randomiy oriented granular materials or amorphous.
as s the silica (5i0,) film that nearly always forms on Si surfaces exposed to oxygen.
YBCO (ilms do tend to self orient their c ~ axis normal to a freshiy growing surface
even if deposited on an amorphous base. but the crystalline quality of such films 1s

quite limited (random 1n plane orientation)

We propose that i1n order to form high quality metal oxides on Si. 1t 15 essential
to first remove the native silica film and then execute the deposition of a buffer laver
in such a fashion as to limit the formation of nonepitaxial iavers and under
thermodynamic conditions that stabilize the desired crvstal phase of the films. Here
we illustrate this process with PrO, and YSZ films epitaxially on Si and further
demonstrate the considerable value of this process by using it to synthesize a
YBCO/YSZ/Si structure with excellent superconducting properties.

SYNTHESIS METHODS

All of our successful film growths on Si have used the spin etch process to clean
and terminate the surface with hydrogen. Such surfaces are very passive to
reoxidation or contamination even with exposure to an atmosphere of moist air for a
few minutes. This passivation is especially useful with the laser ablation process
since the surface remains protected by the H termination until it is heated above
=550 °C just prior to initiating the deposition process. Briefly, the spin etch is a
process whereby the Si wafer is first degreased. then rotated under a flow of nitrogen
while a few drops of etchant are pipetted onto the surface. Drying occurs
immediately and the wafer is ready for transfer to the growth chamber. We have
found that{4] a 1:1:10 solution of HF, water, and ethanol all of HPLC - grade
tultrapure) works very well. A detailed study of these surfaces by XPS showed that
residual contamination is less than 0.01 ML (monolayer) of C, O, and F while the low
energy electron diffraction (LEED) patterns were sharp, unreconstructed Si(100)
Ixl.

We use a XeCl laser {308 nm) with pulses of 100 - 150 mJ focused onto the
targets at an energy density of =1 Jicm2. The substrates are held only by the edges
and heated radiantly from behind. An optical pyrometer 1s used to estimate their
true surface temperature (T). The targets are pressed sintered powders of the various
metal oxides mounted on a rotating polygon. The polygon motor position is encoded
and used to trigger the laser via computer control. This system has considerable
flexibility for depositing from multiple targets to synthesize muitilayers or mixed
oxide films.[5] We have prepared the YSZ fiims either from separate yttria and
zirconia targets. which aliowed observations of the effects of varving the fractional Y
and Zr content,|6] and from a single target made by mixing the two powders. The
latter method produced smoother films, since ablation of the yttria target included
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some (ragmentary material. Molecular oxygen is introduced into the chamber
through a quartz tube exhausting near the substrate surface. Pressure 1s measured
with an ion gauge in a more remote region of the chamber.

EPITAXIAL BUFFER LAYER FILMS

Since PrO, forms a cubic fluorite structure with a close lattice match to Si and
is unreactive, it would seem to be a good candidate for a buffer layer with YBCO.
However the PrO, grows best on the (111) surface of Si which in turn 1s a poor surface
for growth of YBCO. These films may have other uses since they are easy to form and

of surprisingly high epitaxial quality despite the complete absence of literature
references to them.{7] X —ray diffraction tXRD) analysis showed that the PrO, [111]
was normal to the Sit111) surface, and phi scans of the [200] reflection showed the in
plane orientation was almost pure b —type phase \f the Si was spin etched and the
deposition was done at 530 °C in vacuum ( =10~ % Torr1. The type b is that found for
CaF,'Si and consists of an in —plane rotation of the film by 120° from the Si lattice
and is threefold rotationally symmetric.

Films of YSZ (9 mole% yttria) deposited on thermally oxidized Si surfaces
showed considerable interface roughness in cross —sectional transmission electron
microscopy (XTEM). Those made using the spin etch to prepare the Si surface were
atomically abrupt despite the presence of an Si0, layer regrown at the Si
interface.(3,8] These YSZ films showed a high degree of crystallization in the XTEM
micrographs but they were polycrystalline. XRD indicated that these films were a
mixture of monoclinic, tetragonal and a limited amount of cubic YSZ. These
depositions were made in =50 mTorr of O, and could not be done above =550 °C
without degrading their quality.

We have considerably improved the quality of these YSZ films on Si by a
combined use of spin—etch Si preparation and depositions in lower oxygen partial
pressure, P(O,), and at higher T. Optimum values are in the range of 0.1 -~ 1.0 mTorr
and 750—-800 °C. In order to limit regrowth of Si0, at the Si interface during the
critical period of initial film growth, we begin depositing our YSZ in the =10~ Torr
vacuum of our turbo — pumped system until about 2 -3 nm of film have accumulated.
whereupon the P(O,) is raised to the value used for the remainder of the YSZ

deposition.

Figure 1 shows XRD scans of our high quality YSZ epitaxial films on Si(100).
These two ~ theta results show a sharp, single, symmetric (200] reflection at an angle
corresponding to cubic YSZ with a lattice constant of 0.516 nm. No monoclinic or
tetragonal components were observed, although a small strain - induced peak for the
forbidden Sil200] was observed. The (220| peaks of the Si substrate and the cubic
YSZ film occurred at different 28 angles. as seen in Fig. 1. indicating a 5% mismatch
in the lattices. This film was nominally 140 nm thick. and has clearly strain relaxed.
it being well bevond the critical thickness limit for pseudomorphic strain Omega
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FIG. 1. X -ray diffraction of YSZ on Si(100).

rocking curves about the YSZ {200] peak were 0.7—0.9° in width (FWHM). Phi
scans of the YSZ[220] peak indicated the presence of only a single in piane
orientation of the film, the peak being =~ 1.2° wide (FWHM), and that the YSZ [220]
was parallel to the Si [220]. This parallelism of all the major axes of film and
substrate is in contrast to the results of Fukimoto et al,[9] who reported e —beam
deposited YSZ epitaxial on Si rotated in plane by 45°.

In Fig. 2 we propose a simple model for the epitaxial structure of our YSZ films
on Si. Shown is a cross — sectional view of the (100) interface viewed from the (011)
direction, as in the commonly used view in XTEM micrographs such as in Ref. 3 and

6. The half — length of the
diagonal of a face of the Si
diamond - structure lattice is
indicated as 0.384 nm, and

the YSZ is shown lattice
matched to this, for simplicity.
We note that it is this dimension
that is a near match for the ab
basal plane of the YBCO lattice.
The interface is shown ina
silicide configuration, as is
believed to be the case for CaF o/Si,
without the intrusion of an Si0,
regrowth, i.e., at an early stage

Y8CO /7 YSZ / SI (100)

FIG. 2. Structure model for YBCO ' YSZ ' Si interfaces
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in the deposition. Qur data so far cannot confirm the apparent natural match of the
two structures by a transiational displacement of one quarter of the unit —cell face
diagonal, as shown in Fig. 2.

YBCO FILMS ON SILICON

Immediately after completion of the YSZ deposition on Si, the T and P( 0,) can
be adjusted to 700 ~ 750 °C and 0.1 —0.2 Torr, respectively, and deposition of YBCO
commenced. Cooling in PtO,) of 200-500 Torr results in films that are
superconducting as seen in Fig. 3. Results for two films are shown there. The upper
curveisa YBCO film grown on the polycrystalline YSZ/Si. and the lower curve shows
the dramatic improvement that occurs for YBCO deposited under the same
conditions but now on Tar improved epitaxial YSZ/Si. The films are quite thin, 15
and 55 nm respectively for the YSZ and YBCO, which provides a stringent test of the
film epitaxy. The inset is an expanded view of the transition region for both films.
where about a 4 °C improvement in the zero - resistance T, can be seen. The second
film had a 300 K resistivity of about 250 micro ~ohm —cm, metallic normal - state
resistivity which extrapolates to the origin, and is virtually indistinguishable from
resistivity curves for YBCO deposited on single crystal (bulk) cubic YSZ(100)
substrates. The latter films were well optimized and fully characterized (including
critical current density J.) and considered to be of very high quality.(5.6] The YBCO
films on YSZ/Si reported here have not had their deposition process optimized. but
were simply made by repeating the recipe for YBCO on YSZ substrates. Excellent
resistivity curves, of course, do not ensure truly high quality YBCO films, but such
curves have not previously been reported for fully tn situ laser —ablated films on Si.
Further optimization and characterization is presently underway for our improved
YBCO/YSZ/Si materials and will be reported soon.
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FIG. 3. Resistivity of YBCO films on YSZ ' Si.
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CONCLUSIONS

Epitaxial films of PrO, and YSZ have been grown on Si substrates by laser
ablation under conditions that have allowed the beginning of a systematic
understanding and control of film crystai quality. The requirements for high quality
YSZSi are that SiO, at the Si interface be limited both by an oxide strip and surface
passivation prior to deposition and that the deposition be carried out in as low an
oxygen pressure as is consistent with thermodynamic and chemical stability of the
growing film. YBCO films deposited on the epitaxial YSZ/Si were excellent
superconductors. in that their resistivity curves were very similar to those for YBCO
depoasited on YSZ substrates. Further improvements in YBCO films are likely to
come from devising an extension of the present work to the growth of perovskite
structured buffer films on Si. e.g. SrTiO, or LaAlO,.
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XPS ANALYSIS OF Y-Ba—-Cu—0 AND Zr—O THIN FILMS AND INTERFACES
WITH SILICON SUBSTRATES

D.B.FENNER'*, A.M. VIANO,*’ G.A.N. CONNELL,’ J.B. BOYCE,’
D.K. FORK,?* F.A.PONCE,’ and J.C. TRAMONTANA'

Xa‘l Palo Alto Revearch Canter, Palo Alto, CA 94304,
+ Physics Department, Sants Clara Universily, Santa Clara, CA 95053.
€ Applied Physics Department, Stanford University, Sianford, CA 94306,

Thin films of Y1 BagCusO and yttria —stabilised sirconia (YSZ) have been deposited
o Si(100) by the UV ~laset ablation , and charactarized by several techniques incloding
x-nymmmy(XPS)ndau sectional transmission electron microssspy
(XTEM). Si substrates were prepared by severa! techniques including thermal oxidation, and oxide-
etching and passivation by hydrogen termination. Certain of thess YBCO films (=250 am thick)
deposited on YSZ buffer layers have excellent superconducting properties. Other YBCO and
drcounia films, deposited to 2—~08 nm thickness and transferred under dry Ng into UHV, allowed XPS

evaluation of the thermal and chemical stability of the interfaces and regions. 2~nm films
of YBCO on 15-nm films of 1 S, depositad at 550-670 °C, showed Cu 2p cors - level XPS
lines similar to those of bulk (L., Cu II) but with two components due to reactions. The 81 2

line showed formation of silica on the YBCO surface at 670 °C and of silicats at 550 °C. XTEM
lattics images showed that use of H-—terminated Si produced superior intarfaces with the sircesia
filme.

It has become increasingly clear that thin films of YBCO on semiconductor substrates
present a substantial challenge o those who desire supsrconductor films of the highest quality.(1, 3}
The average @ and b lattice dimensions of the YBCO match within a few percent the SK100)
surface ~ net (011] dimension, and yet chemical reactions between these two have so far provented
good epitaxy.[S, 4] Films of YSZ may have the necessary material properties to facilitate their use
nbuhhymhhmﬁnﬂlmhunhmdthYBCOﬂlu. It has been shown that YS2Z with
about 9 mol% of Y. lloavillwuthocnb!cphnuwit.h.htheﬂ.htnllmumlchvnlh
-ond&(l@)ﬁ]’h ddition YBCO also matches YSZ closely, although some reactions at this
interface wers noted.[6]

8 surfaces under normal handling conditions always have a thin (native) oxide known to be
of poor structural and slectrical quality. Thus, we have prepared our substrates with a high—
quality (MOS8 — grade) thermal oxide, or with the spin - etching method, which leaves the 8i surface
H terminated, L.0., without oxide or other residus. The latter surface is known to be very passive to
reczidation and was recently demonstrated to be produced by simple and reliable wet ~chemistry
techniques: etching with an HP in ethanol solution while spinning7)

All our multilaysr films are deposited during a single sequence of in situ exposure to s UV~
laser ablation plume from various targets. Up to ten targets are mounted on & rapidly rotating
polygon in synchrony with the pulsed laser and under on - line computer cootrol. Targets ware

YBCO, 2rOy, and Y304 which sllowsd YSZ growth by interleaving various aumbers of
pulses of the ZrO Mm mgm. The pure ZrOg and YSZ films were deposited in 50 mToerr of

and the Y mTorr. Thmhmmmnhnudmbbylhnpndm
temperature T monitored with a pyrometer.

A film of YBCO =250 am thick deposited at 728 °C on a 20 - nm buffer layer of YSZ (48
mol%) which was, in turn, deposited ot 880 °C on thermally oxidised Si(100), was found to be
superconducting with a transition to sero resistance T, ~88 K. A similar muitilayered film was
mndltm%namlyldnualYSZbumrhyuua ~terminated Si, and was found to
have T,,~8¢ K. Both of these samples were cross sectioned and TEM lattice images of the
mm'fu; regions obtained, and are shown in Pig. 1. Inspection of thess images reveals that in ()
mmm.mpmmmWommmm&%mm.b
became rough. In (b), however, the two interfaces are atomically abrupt and very flat indicating
sxesllent quality. Also, in (d) it can be seen that an SiOg layer has regrown st the lower interfacs,
undoubtedly becauss of the elevated T and high Og® ion mobility through the sirconis.
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Comparisen
referencs samples of silica and ailicats compounds (sspecially Zs8i0 ) allow sd the identification of &
large amount of 8i0y in the surface region of the 670 °C depasited and silicate bonding for the
St in the interface region. No silicides were identified in these spectra 2, 4)

The quantity of 8i found in the YBCO and sirconia thin films was calculated from the
spectral peak areas. By calibration with various standard matarials, the relative concentration was
detarmined and Is shown in Fig. ¢ with an Arrheniua fit. Both Si 2p emission normal te the sample
surface (called buk) and emission ot s glancing angle (called surface) are indicated. The activation
energies determined by & least aquares fit are 1.3£0.4 and 1.8:1£0.6 oV respectively.
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PFig. 4. Relative 8i concentrations in various films as calculated from XPS cors - level line areas.
Data for films st various deposition T are cast es an Arrhenius plot and least squares fits to these
data sets are indicated by the lines: solid, for normal emission (bulk) from YBCO films; and dashed,
for glancing emissien (surface).

Al our XPS measurements of core levels for the various samples just discussed are
summarised (a Table L Here are tabulated the stoichiometries for the films in relation to the ¥

SrTiOg substraten (8] - | -- ; - SRR 7Y S R
: mmc!mw-lmﬂ-ﬁuumm
rescted substantially with ths 8i in the tempersture range of 360 °C and apove,
growth of high — quality YBCO en 8i even ot the modest T required for the Jaser -
currently proctiesd. Thin fAlms of sirconis and YBZ showed much less resction with 8l in this T
range, snd thus show premies se chemical resction barrier layers for YBOO. o
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the Si surface prior to YSZ deposition was used and compared with thermally oxidized surfaces. The
former had quite superior interfaces with the zirconia layer in XTEM lattics images.

Wae greatly sppreciate helpful conversations with Kookrin Char, David Biegelsen, Jeongsoo
Kang, asd Professors T.H. Geballe and F. Bridges. DBF and AMV received support from the
National Science Poundatien (DMR ~ 8822358), and the project was supported by the Air Porce OSR
(P49620- 80 - C - 0017). DKF acknowledges an ATAT scholarship.

Table L THIN-FILM STOICHIOMETRY from XP8S
Stoichiometry (relative atomic concentration) of YBCO films measured by XPS. The film thickness
and deposition T are indicated. The bulk values are for photoslectron epnission normal to the

surface, and the surface values are for a 15° takeoff angile. Estimated sensitivity limit.
Sample (Bal Cu 0 Si
~ m & & §
YBCO/SiOy/SI (dulk) 20 2.3 8.4 <o’
100 sm, 600 °C
vncouo‘: (bulk) 24 5.1 29 79
20nm, « (surface) - - - 16
YBOOBIOﬁ (dulk) 24 82 17 29
20am, 00°C  (surface) - - - 20
moaloﬁ (dulk) 1.0 98 12 0.78
20am, 850°C  (surface) 0.12 11 0.63 0.62
YBCOSLH (bulk) 1.7 79 13 1.3
2.0nm, 5§50 °C (ourface) - - - 1.3
Y} {0} (8i
Tar T&Tl 11?}'
z:%mo,u (bulk) 0 26 <o0.01°
om, 560 °C
bolno,u (ulk) 0 30 0.77
38am, 670°C (surface) 0 2.7 0.62
b(:‘so,a (ulk) 0.04 3.1 0.68
am, 300°C  (surface) - - 0.33
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Thin films were deposited by pulsed uv-laser (ablation) deposition of Y,Ba,Cu,0, _,
(YBCO), and composite zirconia and yttria targets onto silicon wafers. These films were
analyzed to ascertain the chemical and physical structure of the film interfaces and further the
development of Si substrates for superconducting YBCO films. Substrates were Si( 100) with
either a high-quality, thermal oxide (SiO,) film, or a spin-etch processed, oxide-free,
hydrogen-terminated surface (Si:H). X-ray photoelectron spectroscopy (XPS) of Y, Ba, Cu,
and Si core levels revealed adverse reactions for thin (nominally 2 nm) YBCO films deposited
directly onto either substrate surface. The surfaces of thicker YBCO films (50-100 nm) and
various oxide powders were compared with XPS results from these thin films. The thicker-film
surfaces are similar to those of fractured bulk YBCO, while the thin YBCO films decomposed,
as evidenced by changes in the Ba and Cu XPS. The Si XPS on these films showed the
formation of metal-silicate compounds, even at deposition substrate temperatures of 550 °C,
and silica (Si0,), especially for 670 °C deposition. A direct consequence of these reactions is
that growth of high-quality epitaxial YBCO on Si will require the use of a buffer film. Yttria-
stabilized zirconia (YSZ) shows considerable promise for use as a buffer, and XPS of thin
films (4 and 8 nm thick) of ZrO, on SiO,/Si and YSZ on Si:H substrates did not show any
indication of decomposition, even at deposition temperatures near 800 °C. Transmission
electron microscopy of cross-sectioned samples of YBCO/YSZ/Si showed that the lower YSZ
interface is rough on the preoxidized (SiO,/Si) substrates but atomically sharp on the spin-
etched Si wafers (Si:H). These sharp YSZ interfaces showed the presence of 3-5 nm of
regrown oxide (SiO, ) next to the crystalline Si substrate. This regrown oxide was observed in
samples deposited under a vaniety of conditions.

I. INTRODUCTION

Since the discovery of high-temperature superconduct-
ing oxides, it has been anticipated that thin films of these
materials on semiconductor substrates would have a wide
range of important applications. Heteroepitaxy of semicon-
ductors depends on having a ciose match of the lattice con-
stants and thermal expansion coefficients, and negligible
chemical reaction and interdiffusion at the process tempera-
tures (deposition, growth, and anneal). The advent of
pulsed laser deposition (PLD) for in situ thin-film depo-
sition of the cupric oxides has accelerated the expectation of
high-quality films on semiconductor substrates, since rela-
tively low process temperatures are possible.' Mixed results
have been reported for films of YBa,Cu,0, _, (YBCO) di-
rectly on crystalline silicon substrates. These films were
found to be structurally and electrically inferior to those on
single-crystal oxide substrates (e.g., yttria-stabilized zir-
conia [ YSZ) and StTiO,).>' Chemical reactions between

*' Present address: Advanced Fuel Research, East Hartford, CT 06108.
"' Present address: Physics Department, Washington University, St. Louis,
MO 63130.
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the YBCO films and the Si surface and its oxides (i.e.,
$i0,/8Si) have been identified as an important factor contrib-
uting to poor film quality, especially for the portion of the
film nearest the substrate."*'' Typically, it was reported
that Si substrates required rather thick YBCO films (of or-
der 1 zm) in order to obtain even moderate superconducting
quality. Cubic YSZ has been reported as forming an epitaxial
film on Si(100),'> and we have recently shown that such a
film can be formed with a high degree of c-axis and in-plane
epitaxial orientation'>'* and that it can serve as an excellent
buffer layer for high critical-current ( > 2% 10° A/cm? at 77
K) YBCO thin films.'*'* Here we report an analytical study
of the adverse reactions of YBCO, and the lack thereof for
YSZ films, with silicon in the near-interfacial regions.

1. RESULTS AND DISCUSSION
A. Experiment

Substrates were 2 X 2 cm? cleaved from Si(100) wafers.
Their surfaces, prior to film deposition, were either a 15-nm-
thick, device-gate quality thermal oxide (SiO,/Si), or an
oxide-free, hydrogen-terminated Si (Si:H) processed by the

© 1991 American Institute of Physics 2176




spin-etch method.'® The latter surfaces have been shown to
be remarkably ideal (i.e., atomically clean, and unrecon
structed) and very passive to reoxidation in air at room tem-
perature. The H is fully evaporated by about 550 °C in vacu-
um, just prior to epitaxy.'’

Thin films of YBCO and zirconia compounds were de-
posited by ablation of composite-YBCO, ZrO,, and mixed
Zr0,/Y,0, sintered powder targets. The XeCl uv laser was
operated at 308 nm and focused to produce pulses of 1-2
J/cm’ on the targets which were mounted on a motor-driven
polygon. Target positioning and laser pulsing were under
computer control, providing considerable flexibility. This
PLD system has been described elsewhere.'® Just prior to
and during deposition, the Si substrates were heated by di-
rect radiation from an incandescent lamp. The housing tem-
perature (T) was regulated by a nearby thermocouple and
the substrate T monitored by an optical pyrometer. Ablation
and deposition of YBCO were carried out in an O, ambient
of 200 mTorr, followed by a cool down in 400 Torr. The
ZrO, was deposited and cooled in SO mTorr of O,, and the 9
mole% YSZ was deposited at 4 X 10 " Torr of 0,."*!*

As we have recently demonstrated, epitaxial YBCO
films with critical currents in excess of 2 X 10° A/cm’ at 77
K can be fabricated on Si wafer substrates by using YSZ
buffers deposited on spin-etched Si.'*'® An essentially sin-
gle-step PLD in situ process was used. These YBCO fiims
required deposition at about 750 °C. Prior to this work, sev-
eral efforts had been made to improve the, then somewhat
limited, YBCO film quality by reducing the deposition T for
both the YBCO and the buffer layer.'*'* The results pre-
sented here indicate that lowering deposition temperatures
(to 550°C) does not necessarily improve film quality (by
limiting reactions with the Si).' This understanding is an

|

important part of our successful effort to obtain high-quality
YBCO films on Si wafers.'*'*

Films of YBCO formed by PLD on Si substrates were
evaluated by core-level x-ray photoelectron spectroscopy
(XPS) to determine the chemical bonding and hence the
presence of decomposition reactions.®® Samples were trans-
ferred via dry-N, glove boxes on both the deposition and
XPS systems. A Mg Ka x-ray source and hemispherical en-
ergy analyzer were operated with a combined instrumental
resolution of 0.85 eV (full width at half maximum).'® Com-
parisons with freshly sputtered surfaces of Ag and Cu metals
were used to estimate electron binding energies, assuming
~368.0 and — 932.7 eV for the Ag 3d,,, and Cu 2p,,,
lines, respectively. Electrostatic charging of insulating sur-
faces during XPS analysis was detected by partially dis-
charging with a low kinetic-energy electron flood gun. Pow-
dered reference samples were mounted by evaporating off a
high-purity alcohol from the finely ground powder held in a
small stainless-steel cup. The Si wafer samples were friction-
ally mounted by stainless-steel wire tabs to a small stainless-
steel stub.

B. XPS of YBCO/Si

Figure 1 shows XPS Cu 2p, Ba 3d,,, and Y 3d spectra
(corrected for secondary-electron background and non-
monochromatic x-ray source radiation) for a variety of sam-
ples. For reference purposes, spectra are included for Cu
metal, CuO (Cu 11), BaCQ,, Y,0,, the fracture surface of
bulk YBCO (taken from Ref. 20), and a 100-nm-thick
YBCO film deposited at 600 °C on SiO,/Si. The bulk and
thicker film samples of YBCO yielded similar Cu 2p, Ba
3d;,,,and Y 3d spectra, at least qualitatively similar to those

intensity  (arbitrary units}

L 1

1 1
-78% —-780 -775 -160

Binding Energy  (eV)

FI1G.1.Cu2p,Bald,,,.and Y 3d core-level spectra for various samples: (a) CuO, BaCO,, Y,O, powders, respectively, (b) bulk YBCO from Ref. 20. The
remaining curves, (c)-(g). are from YBCO films on Si wafers. For these samples the Si 25 can be seen at a binding energy of about — 154 eV, near the Y 34
lines. The thick YBCO film in (c) was 100 nm thick and deposited at a substrate T of 600 °C. Curves (d)-(g) were from thin films, nominally 2 nm thick,
deposited at (d) 670, (¢) 600. () 550, and (g) 550 °C. The substrates for the films in (c)—(f) were 15 nm of thermal oxide on Si (Si0./Si). while (g) was an
H-terminated Si wafer (Si:H). prepared as in Ref. 16. Curve (h) is the Cu 2p spectra from a freshly sputtered Cu metal surface. Peak heights have been

normalized. The typical counting noise limit is about 2% of the indicated intensity (peak height) of the principal lines, and the estimated binding energy
accuracyis + 0.1 eV.
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reported by others.>?*>?? Linewidths for the bulk YBCO are
somewhat greater due to electron-analyzer operating pa-
rameters, and this leads to reduced resolution of the chemi-
cal component and spin-orbit splitting for the Ba 3d;,, and
Y 3d, respectively.

Next, in Fig. 1, are shown three spectra for very thin
YBCO films deposited on SiO,/Si at 670, 600, and 550 °C
and one spectra for a 550 °C film on Si:H.®° These samples
were deposited by PLD under 200 mTorr of Q.. The film
thickness was limited to 2-4 nm, comparable to the core-
level photoelectron escape length. The line shape distor-
tions, evident for these four thin films, indicate that the Cu
and Ba near the interface have reacted, thereby decomposing
YBCO. Distortion of the Y 3d peak shapes was not observed,
but the presence of Si near the sample surfaces is clear from
the large Si 25 peaks seen in Fig. 1 near the Y 3d. The thin-
film spectra in Fig. I for all four elements also show, what we
have assumed to be, electrostatic surface charging (lines
shifted to lower kinetic energy). The electron flood gun
failed to significantly shift the kinetic energies of these lines.
These films were found to be macroscopically insulating
(high resistivity), and since all the lines were observed to
shift by the same energy interval, charging of insulating (i.e.,
reacted ) regions is the most likely explanation.?' The Cu 2p
line shape improves considerably as the deposition 7 is re-
duced: the principa! lines are more like Cu 11 as in Fig. 1(a)
for CuO. However, even at 550 °C the Cu 2p lines are still
asymmetric, and the Ba 3d , , line never recovers when com-
pared with the 100-nm film spectrum.

Si 2p core levels for a variety of samples are shown in
Fig. 2. For reference, a fresh Si:H surface gave the spectral
line of curve (a), which is just narrow enough to resolve the
spin-orbit splitting (0.6 eV) as a shoulder on the line.'® Also
for reference is curve (b), the Si 2p spectra for the 15 nm of
thermal oxide, i.e., the SiO,/Si substrate surface. The
thicker (100 nm) YBCO film sample had no XPS-detectable
surface Si. Empirical and calculated cross sections for the
elements and core levels in Figs. 1 and 2, indicate that the
sensitivity to Si is at least a factor of ten less than that for the
other elements, so the presence of a trace of Si near the sur-
face of the thick YBCO film cannot be excluded.

The remaining spectra in Fig. 2 are the Si 2p lines for the
same thin YBCO samples in Fig. 1, as described above. Spec-
trum (c), for the 670 °C YBCO thin film, is similar to that of
(b), for the Si0./Si surface, while the 600 and 550 °C sam-
ples (d) and (e) show increasing peak weight at an energy
intermediate between to pure silica (SiO,) and the clean Si
surface (Si:H). Curve (g) for the 550 °C deposition onto
Si:H shows little or no SiO, component and a strong sub-
strate Si line, indicating that oxide has not substantially re-
grown at this interface.

To obtain qualitative depth-distribution information,
the samples were tilted in the spectrometer away from the
normal emission angle to a 15° takeoff angle, thus greatly
increasing the surface sensitivity. Spectra (f) and (h) in Fig.
2 indicate that the near surface regions of the 550 °C samples
are mainly the intermediate binding energy Si species, dis-
cussed in more detail below.

Measured irtensities of XPS core-level spectra for var-
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FIG. 2. Si 2p core-level spectra for various samples: (a) H-terminated Si
(Si:H), prepared as in Ref. 16, and (b) thermal oxide on Si (SiO,/Si).
Curves (c)-(h) are from the same samples as (d)-(g) in Fig. 1, i.e., they
are from films of YBCO, nominally 2 nm thick, on Si deposited at (c) 670,
(d) 600, and (e)-(h) 550 °C. Curves (c)-(f) are with SiO,/Si, and (g) and
(h) are with Si:H substrates. All spectra were measured with photoelec-
trons emitted normal to the sample surface except for (f) and (h) which
were for a 15° takeoff angle. Peak heights have been normalized. The typical
counting noise limit is about 2% of the indicated intensity (peak height) of
the principal lines, and the estimated binding-energy accuracyis + 0.1¢V.

ious oxides (Y,0;, BaCO,, Cu0, $i0,/Si, and ZrO,) pro-
vided empirical cross-section calibrations using the com-
mon-anion rule. The thicker (100 nm) YBCO film sample
was found to be near the expected stoichiometry of 1:2:3:7.
The thin films were all Cu and O rich (or equivalently Y and
Ba poor). Recent reports of XPS core-level intensities of
very thin films of YBCO on SrTiO; and Auger depth profiles
of thicker films on YSZ also described significant deviations
from 1:2:3 stoichiometry (at the interface and surface, re-
spectively).*?* Since the detailed morphologies of these thin
reacted films are largely unknown, quantitative measures by
XPS of the Si concentration may not be reliable, but the
general trend of more extensive reactions at higher T is clear
from the Si 2s peak heights in Fig. 1.

C. XPS of zirconia/Si

Next, we report on thin zirconia-compound films on Si
wafers. In Figs. 3 and 4 are Zr 3d and Si 2p spectra measured
for two reference materials and various thin films. Most of
these materials and films are insulators, and surface charg-
ing was observed. In order to facilitate spectral shape com-
parisons, the spectra in Figs. 3 and 4 have had their binding
energies normalized (shifted) so as to align the principal
peaks in the Zr 3d. The 4-nm-thick YSZ film showed the
least charging shift (little or none, + 0.5eV) and hence the
other spectra were aligned with it. The Si 2p spectra in Fig. 4
were shifted by corresponding amounts.

The thin zirconia films are: 3 nm of ZrO, deposited by

Fenner et a/. 2178
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FIG. 3. Zr 3d core-level spectra for various samples: (a) a YSZ crystal, (b)
ZsSiO, powder, and three films (c)-(e). Spectrum (c) is from a ZrO, film,
nominally 4 nm thick, deposited at 670 °C on an SiO,/Si substrate. Spectra
(d) and (e) are YSZ films, nominally 4 and 8 nm thick, respectively, depos-
ited at 790 *Con Si:H, prepared asin Ref. 16. The indicated binding energies
of spectra (a)-(c) and (e) have been empirically corrected for electrostatic
charging by aligning their principal maxima with that of spectrum (d).
Peak heights have been normalized, and the estimated binding energy accu-
racyis +0.5¢V.

PLD on SiO,/Siat 670 °C, and 4 and 8 nm of YSZ on Si:H at
790 °C. The deposition conditions for these two YSZ films
were identical to our process for forming the highly epitaxial
150-nm-thick YSZ films'*'* and the 50-nm-thick buffer
films upon which the high critical-current YBCO films were
deposited.'*"*

The very thin YSZ film samples were also tilted in the
spectrometer, and representative spectra are shown in Fig. 4
(there was no change in the Zr 34 line shapes). For both the
4- and 8-nm samples, the peak height of the lower binding-
energy peak component was reduced at glancing emission
angle. This, together with this peak's narrower linewidth
and approximate binding-energy value, indicate that the
peak is from photoelectrons emitted from deeper regions in
the samples, perhaps 1-2 escape lengths. In addition, the
relative proportion of the two line components in each of the
normal emission-angle spectra, shows less of the lower bind-
ing-energy component for the thicker (8 nm) film, as would
be qualitatively expect=A. Hence, this peak is identified as Si
at the interface and <sst few atomic layers below, i.e., sub-
strate Si.

In contrast to the YBCO films on Si wafers, the ZrO,
and YSZ films deposited on SiO,/Si and Si:H were found to
be chemically unreactive, as we now discuss. First, a thicker
(50 nm) ZrO, film was deposited at 560 °C on SiO,/Si, and
no Si was detectable by XPS with normal-emission gcome-
try. Second, the qualitative Zr 3d line shapes in Fig. 3 indi-
cate that to this resolution the Zr binding configurations are

quite similar. More detailed information on chemical shifts
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cannot be clearly established from the data shown in Figs. 3
and 4, due to the large corrections for electrostatic charging.
Thus, in Table I we have numerically tabulated the relative
kinetic energies of the XPS lines from representative sam-
ples. Kinetic energy differences (AE, ) eliminate the need to
correct for electrostatic charging in the spectrometer. In the
case of SiO,, AE, values have been reported in the literature
for several bulk and film, structures and morphologies.?**
Reported values of AE, for the Si 2p and O 1slines of various
forms of SiO,, are consistentiy 429.7 eV except for very thin
(less than 1 or 2 nm) oxide films, where AE, drops by a few
tenths of an eV. The first three sample entries in Table I are
in agreement with these reports. The oxide residue (third
entry in Table I) was the submonolayer quantity left on an Si
wafer after HF etching in a dipping process.'® There it was at
the crystalline Si free surface and could be clearly distin-
guished from other oxides since its Si 2p peak intensity was
very small, compared with the substrate Si 2p, due to the
relatively few Si atoms involved in the submonolayer. The
suboxide chemical shift is substantially less than that for
§i0,, since the Si oxidation stateis not + IV asitisin a high-
quality SiO, (silica).

D. XPS of silica and silicates

Distinguishing the XPS spectra of various compounds
of metals, silicon and oxygen requires care. These com-
pounds are numerous and plentiful in nature (they compose
most of the earth’s crust), and ZrSiO,, in particular, occurs
commonly in nature as the mineral zircon.2® It is one of the
few simple silicate compounds (an orthosilicate) having
each silicon atom bonded tetrahedrally to four oxygen
atoms, and these SiO} ~ ligands are in turn bonded primarily

I T T T T T l T T
Si2p

@) ZrSiO4

® Zr0p/SIO/Si

4-nm YSZ/SiH
(normal)

(glancing)\

(@ -/\"\
8-nm YSZ/Si:H

(e) ‘“°’"{

Intensity (arbitrary units)

n (glancing)
1 ——l i I i 1 i
-106 -104 -102 -100 -98
Binding Energy (eV)

FIG. 4. Si 2p core-level spectra for various samples, the same as those in Fig.
3 (b)-(e), i-e, (a) is the ZrSiO, powder. (b) the ZrQ, film on Si0./Si,
(c)-(f) the YSZ films on Si:H. For the YSZ films spectra are shown for
both normal and glancing photoelectron emission angles. Peak heights are
normalized and the reported binding energies for all but (c) and (d) have
been adjusted by the corresponding amounts which were used to align the
Zr 3d peaks in Fig. 3. Peak heights have been normalized, and the estimated
binding energy accuracy is + 0.5eV.
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TABLE 1. Photoelectron kinetic energy differences AE, between components of the Si 2p, O Is, and Zr 3d,,, core-level lines from XPS measurements on
various samples. The first two AE, columns report energy differences between components of the same line, while the second two columns are differences

between specific components of lines from different elements. An entry of zero indicates that only one line component was observed, while a dash entry
indicates that a line(s) was not present in that sample. The experimental resolution was + 0.1 eV.

—

P ———— ——

AE, (eV)

AE, (eV) AE, (eV) AE, (eV)
Sample Si2p Olts Si2p—Ots Zrdd,,,—Ols
15 nm SiO, on Si 4.6 0 429.7
2 nm native oxide 42 0 429.3
$i0, residue on Si* 3.2 0 429.2 e
Zr15i0, powder 0 1.9 429.0 347.1
Z10, powder e 0 see 348.2
YSZ crystal 0 347.8
2 am YBCO/Si:H 2.7 23 428.6 e
3 nm Zr0,/Si0,/Si 0 1.7 429.6 3478
4 nm YSZ/Si:H 29 1.6 429.8 3479
8 nm YSZ/Si:-H 2.8 1.5° 429.5 347.8

“ Residue of 0.15 monolayer of total oxygen on Si( 100) after etching in HF solution by a dipping process, as described in Ref. 16.

*Weak line with + 0.5-¢V resolution in AE; .

ionically to Zr* * ions. Each Zr is eight-fold coordinated to
O that are members of six distinct SiO, tetrahedra. Thus, not
all Zr—O distances are equal, which may lead to the slight
broadening of the Zr 3d line of Fig. 3(b). Spectra for the
ZrSi0, powder had two components in its O 1s line, consis-
tent with two types of oxygen bonding. One line component
clearly originated from the Zr—O bond, as can be seen by
comparison with the entries in Table I for AE,
(Zr3d,,, —Ols) of ZrO, and YSZ. The other O 1s compo-
nent of the ZrSiO, sample was identified as the Si—O bond
in this compound, i.e., silicate SiO,.

The Si 2p binding energy in silica and «<ilicate com-
pounds may be understood in the following ~ay. In SiO,
each O is bonded to two Si and the electronegativity differ-
ence between O and Si pulls the bonding electron density
toward each O and away from the oxidation state + Iv Si
atoms. This ionic contribution to the Si—O bond increases
the binding energy of the Si, leading to the observed 4.6 eV
chemical shift from Si in crystalline silicon to that in silica
(first entry in Table I). To the extent that the silicate ligand
SiO, is ionically bonded to the counter ion (e.g., Ba, Cu, or
Zr ions) electron charge density is transferred from the ca-
tion onto the silicate ion where it resides in the O 2p orbitals
away from the central Si. This has the effect of reducing the
polarity in the Si—O bond and hence decreasing the Si 2p
chemical shift. This scheme is consistent with the 0.7 eV
reduction in AE, (Si2p—O1s) we have observed for ZrSiO,
relative to SiO,, as seen in Table L.

Table I next lists AE, values measured for four thin
films. The 2-nm YBCO film on Si:H had two components to
both the Si 2p and O s, and eliminating the Si—Si and me-
tal—O components identifies the Si—O bond as having too
small a AE, to be silica. Thus, we establish the presence of
silicate compounds (most likely Ba, based on its low elec-
tronegativity) in this film.'"*” Extending this analysis to the
other YBCO films on Si wafers, spectra (c-h) in Fig. 2, the
intermediate binding-energy peaks seen there are also indi-
cators of silicate compounds. Clearly then, the 550, 600, and
possibly 670 °C YBCO thin films contained Si in both silica

2180 J. Appl. Phys., Voi. 69, No. 4, 15 February 1991

and silicate forms, the latter necessarily indicative of YBCO
decomposition and deterioration of the potential for super-
conductivity. Higher deposition T"apparently causes a larger
proportion of silica over silicate, but this may just signify the
sequential decomposition by thermal activation (in the pres-
ence of excess oxygen) of YBCO into metal-silicate and then
into a mixed phase of silica plus a multitude of other oxides.

For additional reference, we have obtained XPS data
from another sample likely to contain silicates: a thin Cu
film, vacuum evaporated onto Si:H at 400 °C, and later ex-
posed to air. This Cu—Si—O film showed both a substrate Si
2p line (Si—Si bonding) and a component with about 3.3 eV
higher binding energy (Si—O). The Cu 2p spectrum had the
shape of Cu 11 as in Fig. 1(a) for CuO. Cu—Si—O com-
pounds, including copper silicates and silicides, are not com-
mon, so for comparison we have measured the AE; between
the principal Cu 2pand O 1sin the just mentioned film and in
CuO (Cu 11 oxidation state) and in Cu,O (Cu 1) powders.
These AE, were: 404.4 eV (CuO), 402.5 eV (Cu,0), and
401.3 eV (Cu—Si—O film on Si), lending further evidence
to the presence of a copper silicate in the film. It is not sur-
prising to find the Cu here in the 11 oxidation state, since the 1
and U1 states are much less stable in general. None of our
various film samples showed any indication of containing
copper silicides, as has been reported by others in YBCO
films on Si.** Such silicides are rarely stable compounds in
the presence of oxygen, and would have a relatively small
shift in the Si 2p binding energy, due to the small electrone-
gativity difference.

In contradistinction to the YBCO films on Si, we con-
clude from the AE, (Si2p—O1s) in Table I that the zirconia-
compound films contain Si in a silica and suboxide form
without any detectable amounts of silicate or silicide materi-
al, i.e., no decomposition of the ZrO, and YSZ films. The
relatively small values for AE, of the two Si 2p components
observed for the YSZ samples (Table 1) are indicative of
near-interfacial Si no longer exclusively bonded to other Si
(chemically shifted) due to the presence of the interface and
some suboxide (SiO, ).

Fenner et a/. 2180

-



E. TEM of YSZ/SI

To elucidate buffer film evolution from very thin YSZ
on Si:H to thicker films, used in turn for supporting YBCO
films, we have made cross-sectional transmission electron
microscopy (XTEM) evaluations.'®'® In Fig. 5§ is an
XTEM micrograph of the region just above the Sj substrate
interface of a complete multilayer sample of YB-
CO/YSZ/Si. The 4-nm-thick amorphous layer seen imme-
diately above the substrate Si is not a purposefully deposited
layer. The substrate was prepared by the spin-etch method
which initially H-terminates the Si surface. These Si:H sur-
faces are free of oxide prior to film deposition, but were al-
ways observed to regrow an amorphous Si0, layer, as can be
seen in Fig. 5, during the depositions. We have postulated
that this is due to the well-known high O’ - -ion conductivity
of YSZ (and other oxide ceramics including YBCO)?* while
at elevated Tand under ambient O, gas exposure, i.e., during
film depositions.”> The XTEM micrographs of a series of
films, deposited in 50 mTorr of O,, showed that the regrown
oxide thickness is independent of the YSZ deposition T
(550-650°C), the yttria concentration (0-20 mole% ), and
even the YSZ film thickness (50-250 nm). This saturation
of the oxide thickness is qualitatively what is commonly ob-
served with native oxide films on Si.*® The appearance of an
amorphous SiO, layer at the Si interface of rf-sputtered buff-
er layers of BaTiO,/MgAl,O, on Si substrates was recently
reported,’’ and oxide regrowth under chemical vapor depo-
sition of silica films has also been reported.*

The oxide regrowth need not interfere with epitaxy of
these films, as is well known from recrystallization of Si on
thin SiO./Si. Since little or no oxide is present when the
epitaxial growth is initiated (i.e., Si:H), the substrate crys-
talline template is available to reduce the film free energy for
epitaxial orientations. As the film thickens, the substrate epi-
taxial influence is quickly lost anyway, so oxide regrowth (or
even removal of the substrate) can occur as long as the re-
grown oxide does not exceed the strain limit of the film.
Thermal expansion mismatch with the film and phase trans-

FIG 5 Cross-sectional transmission electron micrograph ( XTEM) of the
interfacial region between a deposited zircoma ( YSZ) film and the Si( 100)
substrate. The intermediate layer 1s {amorphous) SiQ. The substrate on-
entation and a size scale bar are indicated.
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formations in the regrown oxide would be expected to pres-
ent a problem, but only if the oxide is thick enough. Cracking
or void formation was not observed in the XTEM work on
these YSZ films on Si.'*

In fact, as seen in Fig. 5, XTEM lattice images of the
interfacial regions near the substrate clearly indicate® that
both the YSZ/SiO, and Si0./Si interfaces are atomically
flat and sharp for this Si:H substrate. XTEM of a similar
sample of films deposited on the thermal oxide coated wafers
(Si0./Si) showed distinctly poorer quality interfaces with
regions of interdiffusion at the YSZ/S10, and roughening at
the SiO,/Si interface.>'"*? Despite the presence of the
amorphous SiO, layer, the zirconia grains in the film on Si:H
(Fig. 5) are nearly all oriented to the substrate [011] over
relatively large distances, at least 100 nm along the interface.
By contrast the film on SiO,/Si showed more nonaligned
regions. More recent x-ray diffraction analysis of YSZ films
on Si:H indicates that granularity can be dramatically re-
duced and epitaxial orientation to the substrate Si greatly
improved by deposition under optimized conditions.'*'*

HI. CONCLUSIONS

XPS evaluations of the interfaces of YBCO films on
$i0, and Si:H substrates indicate that considerable reaction
occurs at deposition temperatures of 550-670 °C. The Si pri-
marily formed metal-silicate and silica compounds, and the
usual Cu and Ba line shapes were badly distorted compared
with spectra from good-quality YBCO. Our results indicate
that the growth of YBCO films having sharp interfaces with
Si substrates will require buffer layers that can prevent reac-
tions, if the depositions are to be done at temperatures gener-
ally considered necessary for high-quality /n situ YBCO
films.

Very-thin zirconia (ZrO, and YSZ) films were found by
XPS to be chemically stable on SiO, and Si:H substrates. In
particular, YSZ films deposited by PLD on Si:H substrates
were unreactive and found to have interface regions with
only a small amount of silica when the film was thin (4-8
nm). XTEM micrographs of thicker films showed the pres-
ence of a regrown SiO,, which did not disrupt the abruptness
of the interfaces and the film epitaxial quality if Si:H sub-
strates were used. Together, these XPS and XTEM studies
of YSZ interfaces with Si substrates indicate the suitability of
YSZ as a buffer layer on Si which has been prepared by
hydrogen termination. These results provide an important
background of understanding upon which we have devel-
oped a process to fabricate very high-quality YBCO fiim
materials on Si wafer substrates.
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Abstract

Exceptionally high quality films of Y,Ba,Cu,0,,
(YBCO) were successfully grown epitaxially on 5i(100)
wafers with a buffer layer of yttria-stabilized zirconia
(YSZ) using a fully in-situ pulsed laser deposition
(PLD) process. Critical current densities of a 30-nm
thick film are 2x10” at 4.2 K and 2.2x10° at 77 K.
lero-resistance critical temperatures are about 87 K,
the transition width is 1 K, and normal-state
resistivity is 0.28 mOhm-cm at 300 K. X-ray diffraction
phi scans indicate in-plane epitaxial alignment within
1.0 and 2.0°, for the YSZ and YBCO respectively.
Lattice constant and thermal expansion mismatches occur
at both subsurface interfaces. This causes strain
cracks to occur in YBCO films thicker than about 50 nm.
The Si surface preparation utilizes an oxide etch and
hydrogen termination that is an essential step in the
process, as 1is careful control of the deposition
environment temperature and oxygen pressure. Here we
describe the crystallographic and chemical structure of
the interfaces and their role in film formation. The
crystal quality of YSZ buffer layers on Si is not
degraded by decomposition reactions, as is YBCO directly
on Si or Si0,, and cube-on-cube orientation of the YSZ
cubic fluorite on Si(100) surfaces can be made to occur
very effectively.

*  Present address: Advanced Fuel Research, East
Hartford, Connecticut 06118.

**  Present address: Physics Department, Washington
University, St. Louis, Missouri 63130.

Manuscript received September 24, 199u.

ntroducti

Since the discovery of superconductivity in copper
oxide compounds there has been considerable speculation
and many design proposals have been advanced for
electronic devices that would combine conventional
semiconductor materials with the new high-temperature
superconductors (HTSC), especially in thin film form.
Such proposed devices run the gamut of integration from
mere bonding after formation of the materials, to
monolithic integration of HTSC film devices onto
scmiconductor wafers containing conventional
microelectronic circuits (e.g., VLSI CMOS), up to hybrid
superconducting-semiconducting devices potentially
capable of new functionalities. For the 92-K transition
materials, such as YBaCu0, (YBCO), it has been
pointed out that operation at about 45 K is optimal for
many applications of the superconductivity and at the
same time would improve the performance of some
important semiconducting devices and materials (e.g.,
GaAs)."?

The synthesis of thin films of the HTSC materials
on silicon, and occasionally gallium arsenide, wafers
has been attempted by many research groups.*® The (110)
dimension of the Si{100) surface is well matched to the
average ab-axis dimension of YBCO. Unfortunately, the
superconducting performance of these films was
invariably inferior to that of films on crystalline
metal-oxide substrates, e.g., SrTi0,, yttria-stabilized
zirconia (YSZ), Mg0, and even sapphire. Decomposition
reactions of the YBCO in the presence of Si was
identified as a prime problem,®®' however it was found
that thicker films tend to out run the reacted region
and form a moderate quality superconducting film nearer
the surface." Alternatively, buffer layers (e.g., YSZ)
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can be used to prevent the reaction.”® In the latter
case, however, the superconducting quality of the
(unreacted) film was still not exceptional (somewhat
limited critical current density J ).

We have recently reported substantial improvements
in the quality of YBCO films formed on Si wafers as
Judged by the usual figures of merit, especially x-ray
diffraction (XRD) and J,.'*' The importance of
crystalliine  microstructure in  determining the
superconducting quality of the new HTSC materials cannot
be overemphasized, and indeed we believe this to be the
central issue with YBCO and buffer-layer films on Si
substrates.

Experimental

Pulsed l1aser deposition (PLD) was used exclusively
to synthesize the thin films reported here. This
technique,whereby composite stoichiometric oxide targets
are ablated by a pulsed laser beam and allowed to
deposit on a substrate, has rapidly gained recognition
as one of the most effective methods of forming
stoichiometric HTSC thin films in-situ, i.e., without
a post-deposition annealing.®'® We have described our
PLD system and methods of deposition in several previous
publications.®'®'?'S  The 308-nm excimer laser beam is
focused to about 1 J/cm® on composite targets. For the
buffer layer we have found that targets of pressed and
sintered mixtures of yttria and zirconia powders, at 9
mole% yttria, produced the best films.

In order to obtain epitaxy on Si, the amorphous
surface oxide film (Si0,) must be removed and prevented
from reforming. Here, the Si substrates were prepared
by the little known, but simple and effective, technique
of spin etching.'” This process strips the surface
oxide and hydrogen terminates the surface (i.e., Si:H).
With this method, the commercial wafers are degreased
with solvents, and etched with a solution of HF in
ethanol while the wafer is spinning under a free flowing
nitrogen stream. The Si surface is then exceptionally
clean and passive to reoxidation and/or contamination.
It is moved into the deposition chamber, evacuated,
heated to 250°C for a few minutes to outgas, and then
heated quickly to the desired temperature 7 for the
first film (e.g., YSZ) deposition. By about 550°C all
the H has evaporated from the surface.
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on the Si:H substrates using the following procedures.
After the substrate reaches 800°C, laser pulsing is
commenced immediately, about 100 pulses of YSZ film is

deposited (0.02 nm per pulse), and then oxygen is

introduced into the chamber to a pressure of 4x10* Torr.
Deposition is continued until 50 nm of VYSZ has
accumulated. The substrate is allowed to cool to 750°C,
the oxygen pressure is increased to 0.2 Torr, and the
YBCO film deposited (typically 13 to 150 nm thick). The
film is then cooled at its natural rate in 200-400 Torr
of oxygen.

Results

Interface Chemistry

For information on interface chemistry we have
deposited very thin YBCO films directly onto the Si:H
substrates, and, for comparison, onto wafers prepared
with a high quality (thermal) gate oxide film 15 nm
thick (5i10,/Si). Serious decomposition reactions of all
these fiims were observed by x-ray photoelectron
spectroscopy (XPS), as seen in Fig. 1.'* By comparing
with the various reference material spectra there, one
can see that the Cu 2p and Ba 3d,, lines are
substantially distorted for the thin films. The Cu, Ba
and Y lines are all shifted to lower kinetic energy due
to electrostatic charging of the decomposed and
insulating films. Near the Y 3d line can be seen the
Si 2s line with intensity at higher
deposition T, indicating increasing amounts of Si near

increasing

the film surface.

In Fig. 2 are the Si 2p lines for the YBCO films
of Fig. 1. For two of these films the samples were
tilted in the spectrometer, which increases sensitivity
to near-surface raterial. An intermediate-oxidation
state Si, identified as a silicate, has formed in the
decomposed material.®®"® Very thin films of 2r0, and
YSZ were deposited on S$i0,/Si and Si:H and the XPS
spectra of Fig. 3 indicate no decomposition of these
films. A detailed chemical analysis of all the very
thin decomposed YBCO films found the presence of
metal-silicate compounds and silica, but no silicides.
These assignments were made primarily on the basis of
observed photoelectron kinetic energy differences, which
are summarized in Tab. 1.
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Figure 1. Core-level XPS data for Cu, Ba, Y, and Si. The film thicknesses and depesition T are indicated.

Spectra (a) and (b) in each panel are bulk reference
samples, as described in Refs. 9, 10 and 18, Spectra
(c)-(g) are from several thin YBCO films on Si wafers.

Table 1.  Photoelectron kinetic energy differences AE,
between components of the Si 2p, 0 ls, and Zr 3d,,,
core-level lines from XPS measurements on various
samples. A dash indicates the line was not present.

The resolution was ¢ 0.1 eVv.

AE,  (eV) AE, (eV)
Sample Si2p-01s Zr3d;,-01s

15 nm Si0, on Si 429.7 -

IrSi0, powder 429.0 347.1
1r0, powder - 348.2
YSZ crystal - 347.8
2 nm YBCO/Si:H 428.6 -

3 nm 2r0,/Si0,/Si 429.6 347.8
4 nm YSZ/Si:H 429.8 347.9
8 nm YSZ/Si:H 429.5" 347.8

A1 Si substrates had the Si0, thermal oxide except the
curves (g), labeled Si:H, which was H terminated.
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Figure 2. Silicon core Tevel 2p spectra. Curves (a)

and (b) are the surfaces of H-terminated Si and thermal
oxide (Si0,) film on Si. Spectra (c)-(h) are from the
thin YBCO films, as in Fig. 1.
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Figure 3. Silicon core level 2p spectra. Curve (a) is

bulk material for reference, and (b)-(f) are thin films.
The Ir0, film, curve (b), was 4 nm thick and deposited
at 670°C on Si0,/Si. The two YSZ films were deposited
on Si:H at 800°C in 4x10* Torr of 0,.

A .

""' {l i

/ foe l »

/“,’ el i \' 7
/. . '.. -’.,

. A

LA " Yy -a .

e

S
‘>

’ ;
. /

961
Transmission electron microscopy (TEM) of cross
sections of 50-nm thick YSZ films on the Si:H substrates
showed nearly atomically abrupt interfaces with the Si
and YSZ, as can be seen in Fig. 4. However, YSZ films
on Si0,/Si substrates were roughened, indicating
degradation.®** In  addition, all of these
cross-sectioned samples showed an amorphous silica layer
between the YSZ and crystalline Si substrate. We have
reported that this oxide regrows at the (subsurface)
YSZ/Si interface during film deposition, due to the high
0" ion conductivity of YSZ and YBCO at elevated T.'s'
Interestingly, its growth saturates (at about 4-5 nm
thickness), and since it is absent at the initiation of
YSZ film growth, the deposited YSZ can grow epitaxially
based on the initially available substrate template.

Figure 4. TEM cross section micrograph of a YSZ film
deposited on Si{100) which had been prepared by H
termination. From Refs. 10 and 18.

Y.

) -
SR ‘ %

* .




962
Interface Structure

Zirconia (Ir0,) s polymorphic, but with 4-40
mole% yttria content the cubic fluorite structure is
stabilized (YSZ). Two epitaxial orientations on Si have
been demonstrated with thin films.'*® Our (9 mole%) VS
films have the fully parallel (cube-on-cube) orientation
with 5-6% lattice mismatch (YSZ smaller) to the (100)
oriented Si substrate. Crystallographic compatibility
of the (100) faces of the Si diamond lattice and the YSZ
fluorite lattice is possible. We suggest that initially
the interface Ir and Y atoms deviate from their usual
8-fold coordination to 6-fold with a silicide-like
interface bond to the Si. This ideal scheme is
illustrated by the model in Fig. 5. There the YBCO is
shown epitaxially on the YSZ with a 45° rotation in the
interface plane. In reality, this interface is also
mismatched: by 5%, with the YSZ smaller.

(011)

Figure 5. Ball and stick model for the ideal epitaxial
YBCO film on YSZ film on a Si crystal. A cross section,
through an (011) plane, is shown with the original Si
free surface (100) direction upward, as indicated. The
diamond and cubic-fluorite unit cells are indicated by
dotted lines within the Si and YSZ lattice.

_7

XRD analysis of our YSZ films on Si:H and YBCO
films on YSZ/Si:H indicate a high degree of epitaxial
orientation with the directions shown in the model of
Fig. 5. The two-theta scan for a typical YSZ film is
shown in Fig. 6, where the 140-nm thick film has clearly
relaxed to its bulk lattice constant.'? The omega
rocking curves for the YSZ[200] peak were about 0.7°
FWHM. The deposition 7 and oxygen pressure were varied
systematically and subsequent XRD indicated that the
best conditions are those described above. An
especially sensitive test of epitaxial quality for these

films was XRD phi scans of the YSZ [202] peak. Clearly,
from Fig. 7 these films show excellent in-plane
epitaxial alignment with the Si substrate. The

scattered intensity is shown on a log scale, and the
flatness of the regions between the 4-fold rotationally
symmetric peaks and near absence of side wings on the
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Figure 6. XRD two-theta scans of a YSZ film on Si:H.

The YSZ was deposited under optimized conditions. Peak
identifications are noted.
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Figure 7. XRD phi scan of the YSZ (202) peak for an

optimized YSZ film on Si:H. The phi (in-plane)
orientation of 45° corresponds with the substrate Si
{101] direction.

peaks indicates nearly single-crystal quality. We have
also reported Rutherford backscattering spectroscopy
(RBS) of these YSZ films which indicated channeling
minimum yields of about 5% for the (Ir,Y) peak.™

Optimized films of YBCO on YSZ buffered Si:H were
analyzed by XRD and RBS, and the YBCO films were found
to be of excellent structural quality.' This has
occurred despite the crystallographic and dimensional
mismatches of the YBCO and YSZ. As in Fig. 6, the YSZ
buffer films are relaxed to their bulk Tlattice
dimensions since they are intrinsically materials of
high yield strength (and elastic modulus). Indeed, for
very thin (13 nm), high J. YBCO films on YSZ/Si, we
found the c-axis length shortened by 0.4%, indicating
(unrelaxed) tensional strain. The YBCO films begin to
relax at about 50 nm thickness causing cracks, which are
visible after weak etching in a solution of Br in
methanol.' The data are consistent with the following
scenario: during deposition at 750°C, the growing YBCO
lattice accommodates its mismatch to the YSZ by
interface misfit dislocations, then during the cool down
after growth the fully-formed thicker films are unable
to accommodate the induced mismatch due to the
differences in thermal expansion coefficients between
the YBCO, YSZ, and Si. This scenario is also consistent
with recent reports on interfaces between YBCO and MgO,
an epitaxial system with even greater mismatch, that can
nevertheless be controlled to produce high J. YBCO
films.?
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Discussion

As with all forms of epitaxy, the growth of high
quality YSZ buffer films on Si requires control of, and
at least a conceptual understanding of, the mechanisms
and synthesis conditions for both the heteroepitaxial
nucleation and the subsequent homoepitaxial film
thickening growth regimes. Growing a crystallized oxide
compound onto a Si wafer presents special challenges,
especially the need to deposit at elevated 7 (to have
film crystallization) and to have oxygen available (for
incorporation into the film oxide) but executed in such
a fashion as to not excessively oxidize the Si (since
that oxide [Si0,] is amorphous).

Our nucleation tactic has been to initiate
deposition on the hot Si surface (freshly relieved of
its H termination) in the base pressure of the vacuum
system, i.e., in a reducing atmosphere. Fortunately the
heats of formation (per cation) of Zr0, and Y,0,, and
hence YSZ, are somewhat larger than that of Si0,. Thus,
the regrowth of Si0, on the Si can be limited, even at
equilibrium, during the early stages of growth, as the
XPS data of very thin YSZ films indicate, Fig. 3. This
is sufficient to allow epitaxy to initiate, as indicated
by the XRD, Figs. 6 and 7. Growth of YSZ films thicker
than a few unit cells cannot occur in the reducing
environment without forming an oxygen deficient material
that is highly defective.? Likewise too oxidizing a
deposition environment is detrimental to the YSZ film,
as we have empirically determined.' The need for
careful and systematic optimization of thermodynamic and
chemical growth conditions is evident.

Conclusions

Epitaxial films of YSZ have been grown on Si
substrates using PLD. These films have served as
excellent buffer layers for subsequent films of YBCO.
The requirements for epitaxy of the YSZ are: (1) Si0,
at the Si interface be limited by both an oxide strip
and surface passivation with H prior to film deposition,
(2) film nucleation be done in high vacuum, (3) followed
by deposition of the YSZ in as low an oxygen pressure
as is consistent with stability of the growing film.
The YBCO films were also expitaxial and carried high
current densities.
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Improvements in film quality and potential for
applicability will occur when solutions are found to the
lattice and thermal expansion mismatch problems. This
will allow thicker films without cracking and raising
the T and J_ figures of merit. Further improvement is
needed in the film surface morphology, reduction in
density of near-micron sized fragment asperities and
pinholes. The latter occur at low, but worrysome,
density in the YSZ films. At present, the pinholes
cause localized reaction of the Si with the YBCO leaving
small insulating spots. The pinholes will also allow
Cu to enter the Si substrate where it will diffuse over
large distances deteriorating the semiconductor device
quality. Other buffer layer materials, in addition to
YSZ, together with procedures from their synthesis into
high quality crystalline films, are also needed.
Despite these current problems, the YBCO/YSZ/Si system
we have demonstrated opens the door for many envisioned
applications of HTSC thin
substrates or films.

films on semiconductor
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Epitaxial YBa,Cu;0,_; (YBCO) films were grown on Si (100) using an intermediate buffer

layer of yttria-stabilized zirconia. Both layers are grown via an entirely in situ process
by pulsed laser deposition. All films consist of c-axis oriented grains as measured by x-ray
diffraction. Strain results from the large difference in thermal expansion coefficients

between Si and YBCO. Thin ( <500 A) YBCO films are unrelaxed and under tensile strain

with a distorted unit cell. Rutherford backscattering spectroscopy indicates a high degree
of crystalline perfection with a channeling minimum yield for Ba as low as 12%. The

normal-state resistivity is 280 ul cm at 300 K; the critical temperature T, (R=0) is 86-88

K with a transition width (AT,) of 1 K. Critical current densities of 2x 10’ A/cm? at
4.2 K and 2.2x 10° A/cm? at 77 K have been achieved.

Successful growth of the high-temperature supercon-
ductors (HTSCs) on Si has been slowed by several funda-
mental problems. A feature precluding the growth of
HTSC directly on Si is the substrate reaction,' which is
damaging even at temperatures as low as 550°C.? This
problem has been addressed with little success by growing
thick films, and with improved success by introducing
buffer layers. A recent review of past efforts to grow HTSC
films on Si is contained in Ref. 3. The necessity of epitaxy
for high quality films' has made it essential to develop
techniques for growing epitaxial buffer layers. Epitaxial ox-
ides appear currently to have the advantage over fluorides,
stlicides, and metals. A desirable feature of buffer layer
growth is compatibility with techniques already developed
for HTSC film growth, hence the ability to fabricate high
quality films on Si in a single process step. In this letter we
report a technique which incorporates all of these features
for the first time; we have chosen yttria-stabilized zirconia
(YSZ) as our epitaxial buffer layer. Finally, the problem of
thermal mismatch must be assessed; the thermal expansion
constants of Si, YSZ, and YBa,Cu,0,_; (YBCO) are
3.8x10-°C~ ', 114x107¢°C~ ', and 13%x107¢°C ',
respectively, indicating that an ~0.7% strain is incorpo-
rated at room temperature after growth. Our preliminary
results on the elastic limits of Y3CO films on YSZ/Si will
be presented.

*'Now at Advanced Fuel Research, East Hartford, CT 06118

Our laser deposition technique appears in Ref. 5.
Hydrogen-terminated Si wafers enter our chamber through
a N, purged glove box. YSZ and YBCO targets, mounted
on a rotating polygon within a water-cooled shroud, are
ablated at an energy density of 1.3 J/cm? using 130 mJ, 308
nm wavelength pulses. The Si substrates are heated radi-
antly and temperature is determined by pyrometry. At a
target-substrate distance of 5 cm, each 17 ns laser pulse
deposits about 0.2 A of either YBCO or YSZ. The laser is
fired at 8-10 Hz.

The Si wafers undergo degreasing followed by spin
etching in a flowing N, hood; this technique is a variation
of Ref. 6. The Si wafer is rotated, flushed with high-purity
alcohol, and etched with several drops of a 1:10:1 mixture
of HF, ethanol, and water, all of high purity. This process
produces an oxide-free wafer covered by one monolayer of
hydrogen which is passive to the effects of brief exposure to
room air.” Using a recently developed procedure® we de-
posit a 500 A epitaxial YSZ layer at 800°C in 4x 10~ *
Torr O, followed immediately by a variable thickness
YBCO film grown at 750 °C in 200 mTorr O,.

All films were characterized by x-ray diffraction on a
four-circle diffractometer with a Cu K, source. Figure 1
shows a 26 scan of a 1350-A-thick film with a 500-A-thick
YSZ buffer layer. One observes only c-axis YBCO peaks,
and the YSZ (002) and Si (004) peaks. The w-rocking
curve widths of the YBCO (005) peak, which characterize
the tilt of the c-axis grains, fall in the range from 0.6® to
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FIG. 1. c-axis scan of a 1350 A YBCO film with a 500 A YSZ buffer layer
grown on Si (100). The YBCO (005) peak has a rocking curve full width
at half maximum of 0.6".

1.0°. This compares favorably to the value of <0.65° ob-
tained for epitaxial YBCO films grown by pulsed laser dep-
osition (PLD) on SrTiO;.°

To determine the thermally induced strain on these
films, least-squares refinement was performed on diffrac-
tion data gathered from an automated search of 25 Akl
reflections. This allowed us to accurately determine the ¢
lattice constant, and the ab average lattice constant. Qur
results have an uncertainty of less than 0.015 A. Films
more than 1300 A thick have lattice constants typical'® of
bulk YBCO at room temperature, whereas thinner, unre-
laxed films, exhibit the effect of tensile strain in the ab
plane. In such films, the ¢ axis is contracted, while the a
and b axes are expanded. Data for two films, as well as
parameters of bulk YBCO, are listed in Table 1. A strain
€, Of (0.41 £0.20)% is indicated with respect to the bulk
value for the 130 A film, which has an unusually short ¢
axis (compare Ref. 11). The relaxation of these films be-
gins to occur at ~ 500 A, as evidenced by cracks occurring
at ~1 um intervals along (100) directions. These cracks
are visible by scanning electron microscopy after etching in
0.5% Br in methanol. These features can be completely
obscured prior to etching.

In-plane film texturing and twist misalignment was de-
termined from phi scans of the YBCO {103} peaks with
the phi rotation axis paralle! to the YBCO c¢ axis. Figure 2
shows a log-linear plot of the phi scan obtained for a 1300
A YBCO film grown on a 500 A YSZ buffer layer. Zero

TABLE [. Lattice parameters for strained and relaxed YBCO films and
bulk YBCO.

Thickness ab average Cell volume
(A) (A) c (A) (A"
130 3.872+0.003 11.629+ 0011 [74.3£0.5
1400 3.859 +0.006 11.664 £0.014 173.7+0.6
Bulk po-vder* 1.856 11.678 173.6

“Data taken from Ref. 10.
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FIG.2. ¢ scan of the {103} family of peaks of a 1350-A-thick YBCO film
with a 500 A YSZ buffer layer on Si (100). The peaks every 90" reveal
in-plane epitaxial alignment of the YBCO 10 ~2.0".

degrees phi in this figure was obtained by aligning the
Si (101) reflection, which clearly shows that the YBCO
unit cell is rotated 45° in plane with respect to the Si. Peaks
occur every 90°, showing that no additional in-plane
YBCO orientations occur, unlike films we produced earlier
on single-crystal YSZ substrates.'> Multiple in-plane orien-
tations are undesirable due to the potential disruption of
current flow. The (103) peak widths in phi across a sam-
pling of ten films fell between 2.0 and 2.5°; this is only
slightly larger than the texturing observed for our YSZ
films on Si.® Our resolution in ¢ as measured on the
Si (202) peak is 0.57".

Rutherford backscatter spectra along aligned (00!)
and random directions were taken using 1.8 MeV *He*
ions to determine crystalline quality, and characterize
strain relaxation. Figure 3 shows aligned and random
backscatter spectra for a 1350 A YBCO film grown on a
500 A YSZ buffer layer. The ratio of the backscattered
yield along (001) to that in a random direction (y,,,) for
Ba is 12%. This is substantially better than the best previ-
ously published value for YBCO on Si of 50%.* The best
YBCO films on more conventional substrates'’ have y .
as low as 2-3%, equal to that for single crystals.'* The
values of yni, for YSZ and Si change dramatically with
YBCO thickness.'* For the elastically strained 130 A
YBCO film in Table 1, the y,, values for YSZ and Si were
22 and 46%. In contrast, the 1350 A YBCO film in Fig. 3
had ymin Of 67 and 77% for YSZ and Si. It appears that the
strain relaxation we see by x-ray diffraction in thicker films
produces a channeling discontinuity in the epitaxy at the
interface.

Figure 4 shows a resistivity versus temperature plot for
a YBCO film grown on Si. The transition temperature
(zero resistance) is 86 K, and the transition width is 1 K.
The transition is somewhat lower and broader than our
films on single crystal LaAlQO,, however, the normal-state
resistance is ~ 280 u{) cm at 300 K, which is typical of
films grown on conventional substrates. The extrapolated
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FIG. 3. Encrgy spectra of (001) aligned and random 1.8 MeV ‘He +
ions backscattered from a 1400 A YBCO film with a 500-A-thick buffer
layer on Si. The channeling minimum yield is 12%. The YSZ and Cu
peaks overlap.

resistance curve crosses the positive side of the temperature
axis, which is not typically observed in the 1-2-3 system.
We conjecture that this may be the influence of strain on
the normal-state properties.

Critical currents (J,) in these films were measured by
transport and vibrating sample magnetometry. A magne-
tization hysteresis loop for a 400 A film is shown in Fig. 5.
The J,. at 4.2 K in zero field as determined using the Bean
critical state model'® is 2% 10’ A/cm?. The field depen-
dence is similar to that of films of LaAlO,; J. is reduced by
a factor of 1.7 at 1.5 T. Transport J, at 77 K was measured
on a 60-um-wide excimer-laser-patterned strip. The J, of a
305 A film was 2.2 10° A/cm’ based on a voltage crite-
rion of 1 uV/mm. These values are ~2 X lower than those
for epitaxial films on LaAlO,, but are the highest currently
reported on Si substrates. The development of cracks in
films thicker than 500 A degrades J,; at 1300 A J, drops to
1.0x10° A/cm? at 77K.

In summary, epitaxial YBCO films have been grown
on Si (100) by PLD via a single in situ process. This work
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FIG. 4 Resistivity vs temperature data for a 500 A YBCO film on YSZ
on Si.
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FIG. 5. Magnetization hysteresis loop of a 6 mm x 6 mm x 400 A YBCO/
YSZ/Si film at 4.2 K indicating J, of 2x 10" A/cm’.

has brought the YBCO film quality on Si close to that of
YBCO films grown on other, more conventional substrates.
These films are suitable for a variety of device applications,
including infrared bolometers, and this development enjoys
compatibility with Si processing technology. Continued
work and aimed at concentrating strain relief in the buffer
layer should extend the thickness limitation.
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ABSTRACT

Epitaxial YBa;Cu305 (YBCO) films were grown on r-plane Al;,O03 {1102} by laser
ablation. X-ray diffraction shows that films are epitaxial with the c-axis perpendicular to the
substrate and the a or b axes parallel to (2201), although the full width at half maximum of the
rocking curve is larger compared to those of epitaxial films on SrTiO3. The critical temperatures
(zero resistance) are between 85 K and 88 K with transition widths between 0.5 & *nd 3 K. The

300 K resistivity of 250 pQcm extrapolates to zero at zero temperature and the critical current is
as high as 5 x 106 A/cm2 at 4.2 K according to magnetization hysteresis measurements. Surface

resistance data shows that 2000 A thick epitaxial films on {1102} have about 1 mQ at 13 GHz at
4.2 K.

INTRODUCTION

The physical properties of sapphire make it a highly attractive material for thin films
of the high temperature superconductors, particularly yittrium barium copper cxide (YBCO). Its
low loss tangent makes sapphire an ideal choice as a dielectric for microwave applications such
as transmission lines, delay lines and high-Q resonators. Sapphire has high internal optical
transmittance from 150nm (vacuum ultraviolet) to 6000 nm (mid IR). Its high mechanical
strength makes it possible to produce wafers that are less than 25 um thick. For application to
infared bolometers, this property is essential in reducing the heat capacity, since the relaxation
time T = C/G[1]. The high Debye temperature, hence high thermal conductivity G, of Al203 is
also clearly advantageous. Since it may be produced as large wafers, Al;0 is comparatively
less expensive than the perovskite materials which are proven to promote good epitaxial growth
of the high temperature superconductors. Efforts to grow high quality epitaxial YBCO films on
Al203 with properties comparable to films grown on SrTiO3;, MgO, Yttria-stabilized-zirconia
(YSZ) and LaAlO+ have been rendered difficult due to the reaction of YBCO with Al. Attempts to
overcome this problem using buffer layers have been reported{2]. Substrate reaction is a more
severe problem on silicon, where buffer layers may be unavoidable[3]. In this paper we report
the suscessful growth of epitaxial YBCO films directly on r-plane sapphire {1102} along with
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structural and transport properties.
DEPOSITION TECHNIQUE

Reference 4 details the laser ablation technique. Briefly, pellets of the bulk YBCO
material are ablated by focussed pulses from a 308 nm Lambda Physik EMG 103 excimer laser.
The beam is passed through a defining aperture and imaged through a 25 mm lens onto the pellet.
The pulse energy is 150 mJ, and the energy density is 1.2 J/cm2. The deposition is carried out in
200 mT of oxygen. Immediatly following deposition, the oxgen pressure is raised to 100 T, and
the films cool as the pressure was allowed to rise to 400 T. The most sensitive deposition
parameter is substrate temperature. If the temperature is above a critical value, the substrate
reaction occurs rapidly, and the result is a transparent, insulating film. At temperatures a few
degrees lower, the films are black and conducting yet lack ideal properties. If the temperature is
allowed to fall more than twenty degrees below the critical reaction temperature, poor epitaxy and
orientation results. When this occurs, the critical current is typically a factor of ten lower.

EXPERIMENTAL RESULTS

Figure 1 shows the resistance vs. temperature for a sample which was grown at
optimized temperature. The normal state resistivity is observed to extrapolate to zero, and the

resistance at room temperature is 250 pQ-cm. The zero resistance temperature is 88 K and the
transition width is 1 K. The transition is somewhat lower and broader than on similarly prepared
films on LaAlO3, which have zero resistance at 91 K and <.5 K wide transitions.

Thin film samples were analyzed with a four circle diffractometer in the Bragg-
Brentano geometry using a Cu Ko source. Firgure 2a shows the predominance of the [00n]
peaks in the 6-20 scan indicating that the film is highly oriented with the c-axis perpendicular to
the substrate. Omega rocking curves show that the [005] YBCO is aligned to within 1 degree of
the [1012] sapphire peak, however, the width of the [005] peak is 2.5 degrees, indicating that
there is substantial tilt misalignment of the grains. Good post annealed films on SrTiO3 have
widths of 0.3 to 0.4 degrees[5], and in-situ grown films on MgO have rocking curves as narrow
as 0.2 degrees[6]. Flgure 2bis a ¢-scan of the YBCO [103] peak, with the ¢ axis nearly parallel
to the c-axis direction of the film. The peaks occurring every 90 degrees correspond to the a and
b axes of the YBCO aligned near to the sapphire <2201> directions. There is considerable spead
in the film's in plane orientaion indicated by the width of the peaks.

Figure 3 depicts selected spacings and crystal axes on the r-plane surface. The
YBCO [110] direction lies along sapphire [1011] as the spacing would suggest. Both the non-
orthogonality and lattice mismatch are thought to contribute to the in-plane texturing of the YBCO
films. Epitaxy of YBCO on sapphire is much like Si on sapphire[7], where the Si [100] lies
along sapphire [1011].

The critical current density was measured by a magnetization hysteresis loop
according to Bean's critical state model {8]. The Bean formula gives J, = 5.4 x 106 A/cm? at
4.2 K in 3kG. This value is less than for our epitaxial films on SrTiO3 or LaAlOj3, which is
several times 107 A/cm?2, but is the highest currently reported on sapphire substrates.

Surface resistance of these films were measured inside a Cu cavity by sandwiching
two films with dielectric material in between. The Quality (Q) factor of this structure was
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measured by finding the resonance peak around 13 GHz. The Q value was around 6000 with
dielectric thickness of 250 um. This corresponds to the surface resistance of Rg= 1 mW at 4.2
K. The lowest Ry that has been measured with the same setup was Rg = 20 mW at 4.2 K
around 13 GHz measured on sputtered films on MgO substrates.

SUMMARY

In summary, successful epitaxial growth of YBCO thin films on sapphire with low
dc resistivity, sharp resistive transitions and high Jc by pulsed laser ablation has been
demonstrated. Although the results are promising, the surface resistance remains too high for
practical microwave applications. Further improvements will most certainly require overcoming
the lattice mismatch and misorientation, possibly through the use of appropriate intermediate
layers.
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The use of silicon on sapphire (SOS) as a substrate for YBa,Cu;0, _ 5 allows the growth of
thick (~4000 A) Slms without the thermally induced cracking characteristic of

epitaxial films on bulk Si substrate. Epitaxy is sustained and reaction is prevented by an
intermediate buffer layer of yttria-stabilized zirconia (YSZ). The transport critical current
density is as high as 4.6 X 10® A/cm? at 77 K, and surface resistance measurements at

4.2 K are reported. Microtwin propagation from Si into YSZ is shown not to occur.

Recent activity in the growth of high-temperature su-
perconducting films has focused on the development of
high quality films on technologically important substrates,
two of which are silicon and silicon-on-sapphire (SOS).
Methods for high quality films'? on Si have recently in-
creased the critical current density between 50 and 80
times above what was possible a year ago. Si is a favored
subsirate because advanced processing techniques and nu-
merous device capabilities exist for Si, and are likely to
enable on-chip combination of semiconducting and super-
conducting technologies at cryogenic temperatures. SOS
has some advantages over bulk Si such as high mechanical
strength, high radiation tolerance and reduction in para-
sitic capacitance, transistor latchup, and crosstalk. Si-on-
insulator devices require less energy and lower voltages.
Majority-carrier devices such as microwave integrated cir-
cuits, gate arrays and complementary metal-oxide-semi-
conductors (CMOS) static memories have distinct advan-
tages when implemented in SOS. The disadvantages of SOS
for semiconductors devices result from crystal defects;
these include low channel mobility, high reverse-bias junc-
tion leakage, and short minority-carrier lifetime.

In this letter we show device-quality YBa,Cu;0, _,,
herein referred to as YBCO, can be grown on SOS sub-
strates. Our films are grown by pulsed laser deposition as
described in Ref. 1, with Si replaced by SOS. For resistivity
measurements, the four-point dc transport geomet .y is de-
fined by excimer laser patterning | mm X 50 um strips. As
in Fig. 1, the temperature dependence of the normal-state
resistivity does not extrapolate to positive temperatures at
zero resistivity as was observed for elastically strained films
on bulk Si.! Zero resistance occurs at 88 K, and the tran-
sition width (10-90%) is 0.85 K. The critical current den-
sity (J.) measured on a 1300 A film at 77 K is 4.6 x 10°
A/cm?. This exceeds (J.) for films of any thickness on
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bulk Si, a result consistent with the reduction of the strain
in YBCO as discussed later.

Microwave surface resistance (R,) was measured us-
ing a resonator formed by sandwiching two 1 cmX | cm
thin films face to face separated by a 12.5-um-thick Teflon
dielectric. The current distribution is calculable, hence the
relation between the Q and R, may be determined. The
measurement resolution of this method is about § uf at 10
GHz. A full description of this technique 1s given in Ref. 3.

R, was measured at 4.2 K by sandwiching a reference
Nb film (20 ufl at 4.2 K at 10 GHz2) with a YBCO film
grown on a 1500 A YSZ (yttria-stabilized zirconia) buffer
layer on SOS. The surface resistance of the YBCO film was
measured to be 72 uQ1 at 11.8 GHz. Temperature depen-
dent R, measurements were made by sandwiching pairs of
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FIG. 1. Resistance vs temperature for a 1300-A-thick YBCO/YSZ/Si/
Al,0, film. The cntical current density measured at 77 K s 4.6x 10°
Asem’.

© 1991 American Institute of Physics 2432




N
(a)

—a 1pm () +— 1pm

FIG. 2. Scanning electron micrographs of YBCO/YSZ films of compa-
rable thickness on (a) SOS and (b) bulk silicon. Note cracks caused by
thermal strain in (b). {Br in methanol used 10 enhance morphology.)

YBCO films; R, rose rapidly with temperature to exceed |
mQ by SO K. Model calculations suggest the rapid nise in
R, results primarily from losses in the YBCO film rather
than in the Si. The low-temperature R, is comparable to
films grown on sapphire with SrTiO; buffer layers, how-
ever, in the films o SOS, the rise in R, with temperature is
larger.* If the increased losses we see at higher tempera-
tures occur in the Si, the obvious solution is to remove the
Si and grow on sapphire as in Ref. 4.

One inherent limitation of high quality YBCO growth
on bulk Si is thermally induced strain during cooldown.
Since YBCO films are grown in situ at a substrate temper-
ature of about 700 °C at room temperature, the relative
contraction of the YBCO with respect to the Si is about
0.83%. as determined from the average thermal expansion
constants between 23 and 700 °C for Si* (3.8x 10~ /°C)
and the ab average (1.6 10~ */°C) for YBCO.® This ther-
mally induced strain has been shown to decrease the cnt-
ical current density of films thicker than ~ 500 A by caus-
ing cracking along (100) directions, and produces elastic
deformations in the lattice constants of thinner films.! The
average thermal expansion coefficient of Al,O, between
23°C and 700°C is 8.4 X 10 ~ ®/°C, hence the relative con-
traction at room temperature is ~0.52%. Our results sug-
gest this is within acceptable limits for producing unfrac-
tured YBCO films.

We have grown YBCO films on SOS as thick as 4000
A; within this range, there are no signs of thermally in-
duced cracking. This is eight times the critical thickness we
observe on bulk Si.'! YBCO films on Si thicker than ~ 500

A are required in applications needing larger current car-
rying capacity (for example interconnects) or in high-fre-
quency applications where the thickness should exceed the
penetration depth (4) of about 2000 A, or in applications
requiring lower kinetic inductance (which scales as A%/
{film thickness)].

Figure 2 compares scanning electron micrographs of
~1500 A YBCO films on (a) 500 A YSZ on Si(100) and
(b) 500 A YSZ on 2500 A Si(100) on {1702}Al1,0,. Both
films have been etched with a 0.5% Br in methanol solu-
tion to enhance the film morphology. The film on bulk Si
(a) appears cracked, but the film grown on SOS (b) shows
none of the obvious (100) crack boundaries.

The structural properties of these films produce figures
of merit close to what we have reported previously on bulk
Si.! Rocking curves in ¢ and @ were used to evaluate the
epitaxial alignment of the Si, YSZ, and YBCO grains (Ta-
ble 1). @ measures the tilt misalignment; ¢ scans are taken
on off-axis peaks, hence reveal twist (in-plane) misalign-
ment. The relative out-of-plane layer alignments is
YBCO[001]{| YSZ{001)}|Si[001]||A1,0,{1102); the in-plane
alignment is YBCO{100}}| YSZ{110]||Si[110]||A1,0,[2021).
Rocking curve widths in ¢ and o (Table I) are narrower
than for films grown on sapphire with SrTiO, buffer lay-
ers;* this occurs because the silicon is better aligned to the
sapphire than is SrTi0;. Growth of Si on Al,O; is a mature
technology, whereas growth techniques for SrTiO, on
AL O; are new, and may in time yield much better mate-
rial. The structural evaluation of these films has been done
by x-ray diffraction and Rutherford backscattering spec-
troscopy (RBS). We observe pure g-axis growth of the
epitaxial YSZ film, and pure c-axis growth of the YBCO
film. This result contrasts with Ref. 4 where some ag-axis
YBCO matenal is present.

Rutherford backscattering spectra along aligned (100)
and random directions were taken using 1.8 MeV
‘He * ions. Figure 3 shows aligned and random backscat-
ter spectra for a 2300 A film grown on a 1500 A YSZ buffer
layer on SOS. The ratio of the backscattered yield along
(001) to that in a random direction (ym.) for Ba is 12%.
The (xmn) for Ba is comparable to what we have obtained
on bulk Si,' however it is higher than the single-crystal
value of 2-3%. Values of y,,, for bare (1500 A) YSZ on
SOS and bare (2500 A) Si on AL, O, appear in Table 1. The
Ymin Of YBCO and YSZ are comparable, whereas that for
Si 1s actually higher by about a factor of 2. This value 1s
typical of 0.25-um-thick silicon on sapphire.

It is known that Si close to the Si/AlL, O, interface con-

TABLE | X-ray diffraction rocking curve figures of ment and RBS y,,,, for vanous layers.

Backscattenng

Film structure Aw w peak used aé ¢ peak used element Yeun
YBCO/YSZ/Si/A),0, 0.74° YBCO(003%) 1.4 YBCO(103) Ba 12%
YBCO/5cTiO,/ALO;* PR YBCO({(005) g YBCO(103) . .
YSZ/Si/A1,0, 1.14° YSZ(002) 1.7 YSZ(202) Zr&Y 13%
Si/A1,0, 049° S:(004) 0.72° $i(202) St 23%
*Taken from Ref. 4.
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FIG. ). Energy spectra of (001) aligned and random 1.8 MeV *He * ions
backscattered from a YBCO/YSZ/Si/Al, O, film. The channeling mini-
mum yield for Ba is 12%.

tains microtwins (Fig. 4) whose density decreases with
distance from the interface.” Figure 4 shows the interface
region between YSZ and Si with an intermediate amor-
phous oxide layer. Two microtwins lying along the [110]
direction and slipping on {111} planes impinge on the in-
terface but do not continue into the YSZ. The Si{lll)}
planes are the planes of lowest bond density, and hence are
the casy planes for slip dislocations. We believe the high
stacking fault energy of a {111}YSZ slip dislocation ex-

F1G. 4. Lattice image of the YSZ/Si interface region. A 40 A amorphous
oxide i« observed. The stacking faults and microtwins in the silicon film
terminate st this interface.
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plains their absence in the YSZ. YSZ has an oxygen defi-
cient cubic fluorite structure; for an ideal cubic fluorite
crystal of YSZ dimensions, the {111} bond density is ~2.2
times higher than for Si. Both YSZ and YBCO thin-film
layers channel better than the Si (Table I) consistent with
our observation that microtwin defects in the Si do not
continue into the overlying layers. The dechanneling in the
St is large because the microtwin defects in the Si are in-
clined at 54.T to the substrate (Fig. 4), therefore, a small
volume defect can cause dechanneling throughout a large
area of the film. The transmission electron microscope
(TEM) observations also explain why the YBCO and YSZ
layers can have broader rocking curves than the silicon
layer but better channeling (Table I).

About 40 A of silicon-oxide has formed at the YSZ/Si
interface. Since epitaxy is maintained across the interface,
this oxide must form after epitaxy is established. This is not
surprising since YSZ is an oxygen ion conductor. Addi-
tional discussion of this interfacial amorphous oxide layer
appears in Ref. 8.

In summary, epitaxial YBCO films have been grown
on SOS substrates with a surface resistance as low as 72 u2
at 42 K at 11.8 GHz and a critical current density of
4.6 10° A/cm? at 77 K using intermediate epitaxial buffer
layers of YSZ. The principle advantage afforded by this
work is the increased YBCO thickness permissible in com-
parison to YBCO on bulk Si. In addition it has been dem-
onstrated that the microtwin defects in epitaxial silicon on
sapphire do not propagate into the epitaxial YSZ, as char-
acterized by channeling and TEM.

We thank Brian Langley for useful discussions, S.
Ready and L.-E. Swartz for technical assistance, and espe-
cially Dave Fenner (now at Advanced Fuel Research) for
his involvement prior to this work. This work benefits from
AFOSR (F49620-89-C-0017). DKF is an AT&T scholar.
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Epitaxial MgO thin films were grown on Si(001) by puised laser deposition. In spite of a
large ( — 22.5%) lattice mismatch, epitaxy occurs with alignment of all crystallographic axes.
Epitaxial quality and deposition rate are both sensitive to temperature and oxygen

pressure. We believe this is the first demonstration of epitaxial MgO on Si. We employ MgO
intermediate layers for superconducting epitaxial YBa,Cuy0, _ 5/BaTiO, thin films on

Si with a critical current density of 6.7 10° A/cm? at 77 K.

The growth of epitaxial oxides on Si is an expanding
research topic with important technological applications.
Possibilities typically cited for insulating layers on Si in-
clude metal-insulator-semiconductor structures and three-
dimensional integrated circuits. In a somewhat different
vein, this work has been carried out with the purpose of
finding new buffer layer materials for the high-temperature
superconductors. .o date, a variety of epitaxial oxides on
Si are known; these include yttria-stabilized zirconia
(YS2),' MgAL,0,.! Y,0,.} Ce0,,* PrO,,’ and Al,0,° An
expanded set of epitaxial materials on Si is desirable be-
cause of the increased design choices for device fabrication.
To the authors’ knowledge, there are no previous reports of
epitaxial MgO thin films on Si.

MgO, mineral name periclase, is a highly ionic insu-
lating crystalline solid with the NaCl structure. Its refrac-
tive index and dielectric constant are 1.7 and 10 respec-
tively. It has fcc Mg and O sublattices, and low-energy,
charge neutral {100} cleavage planes. The lattice constant
of MgO is 4.211 A, whereas that of Si is 5.431 A, implying
a mismatch of — 22.5% for the orientation we observe.
Epitaxial MgO on Si is an interesting technology because
singlecrystal MgO is a low dielectric substrate
for the high-temperature cuprate superconductor
YBa,Cu;y0, _ s(YBCO). In addition, MgO is a suitable
host lattice for a variety of other epitaxial matenials, nota-
bly perovskites like BaTiO,.

Pulsed laser deposition (PLD) has recently been used
to rapidly explore new epitaxial materials on Si. The first
epitaxial oxide grown on Si by PLD was PrO,.* Since then,
PLD has been used to fabricate high quality epitaxial thin
fiims of yttria-stabilized zirconia (YSZ)' and
YBa,Cu,0, _; on YSZ/Si.

The films reported in this letter are grown in a system
with a base pressure of 2% 10~ Torr. This pressure is
high compared to pressures employed for the commonly
used Si surface cleaning procedure (Shiraki cleaning) of
evaporating the surface oxide at temperatures greater than
1000 °C.* Because epitaxy requires removal of the native
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silicon-oxide, we have adopted a room-temperature tech-
nique entitled spin etching’ for removing the oxide and
hydrogen-terminating the surface prior to loading the Si in
the growth chamber. The H prevents Si oxidation in air,
and remains bonded to Si until the substrate is heated
above 400 °C. The source material is Mg metal, ablated 5
cm from the Si substrate. A laser energy of ~ 130-160 mJ
is generated by a Lambda Physik EMG 103 XeCl excimer
laser which produces an energy density of 2.0-2.5 J/cm’
on the target. The Si substrate is heated by radiation from
a quartz lamp. The wafer forms one side of an inconel box
containing the lamp, and temperature is measured using a
thermocouple affixed to an inner wall of the box. Temper-
atures quoted for the thermocouple are hotter than the Si
substrate.

Oxide growth by PLD is ordinarily done using oxide
targets. We use a Mg metal target because the absorption
of MgO at 308 nm is too low for ablation to occur. Mg
metal can be ablated, although its thermal conductivity
and reflectance lowers the aolation rate. Mg oxidizes
readily, making *‘reactive” laser deposition feasible; its get-
tering effect is noticeable while the laser is running. The
deposition rate depends strongly on both background O,
pressure and substrate temperature. For example, at 500 °C
the deposition rate dropped from ~0.1 A/pulse at 10
mTorr to ~0.01 A/pulse at 0.002 mTorr. Over a temper-
ature range from 300 to 600 °C the deposition rate (i.e.,
sticking coefficient) dropped by ~ 6 X at the highest tem-
perature. Our results are consistent with experiments by
Yadavalli er al,'® which demonstrate that in zero O, flux,
Mg atoms desorb from substrate surfaces with a thermal
activation energy comparable to the cohesive energy of Mg
metal (i.e., sticking coefficient drops with increasing tem-
perature). Reference 10 also shows that in a finite O, flux,
Mg capture by O, decreases the desorption, in agreement
with our observations that higher O, pressures yield high
deposition rates.

Epitaxy has been characterized by four-circle x-ray
(Cu K,) diffraction (XRD) and transmission electron mi-

© 1981 American institute of Physics 2294




e

TABLE 1. X-ray diffraction figures of ment for MgO(002) reflection.

Heater temp. O, pressure  Rocking curve width  Peak intensity
(*C) (mTorr) (Aw) Counts
600 0.00S 9 500
500 10 e 7
500 1 o il
500 0.0l 5T 140
500 0.005 26 850
S00 0.002 9 SO0
400 0.005 2.5 1400
300 0.002 40 278
300 0.001 6.6" 65

croscopy (TEM). Coupled on-axis (6-20) x-ray scans
gathered reflections from MgO crystal planes parallel to
the substrate surface. On Si(001) the desired MgO reflec-
tion is (002). Only at the highest pressures, where epitaxy
was poorest, could we observe reflections other than
MgO(002) and Si reflections.

Table I lists XRD data from on-axis scans of the
MgO/Si films grown for this study. w-rocking curve full
widths at half maximum (FWHM) were measured on the
MgO(002) reflection to characterize the tilt misalignment
of the MgO grains. As expected, films with higher peak
intensities had narrower rocking curves; however, we note
that the peak intensity is a less reliable measure of epitaxial
quality since it is dependent on film thickness. The peak
intensity results were taken under identical collection con-
ditions. The rocking curve width, and hence the epitaxial
growth, displayed a strong sensitivity to O, pressure, much
like the growth of YSZ on Si.' Films grown at 500 °C
(thermocouple temperature) in 1 and 10 mTorr O, had
rocking curves too broad to measure; epitaxy improved
steadily as the pressure was lowered to 0.005 mTorr, then
worsened. The narrowest rocking curves obtained were
about 2.5° (400°C, 0.005 mTorr). This is wider than is
suitable for many epitaxial semiconductor applications.
For the high-temperature superconductors, the epitaxial
constraints are less restrictive. Films of good quality have
been grown on MgO buffer layers on sapphire which had
comparable rocking curves.!' The w-resolution of the dif-
fractometer measured on Si(004) is 0.6".

The on-axis diffraction data is a useful characteriza-
tion, however, it is not a rigorous demonstration of epitaxy,
in fact, preferred MgO(001) growth on Si has been re-
ported previously for nonepitaxial depositions.'’ In the
present work, epitaxy has been verified by off-axis phi scans
of the MgO(202) reflections with the phi axis normal to
the plane of the film. A typical phi scan is shown in Fig. 1.
The epitaxial relation is MgO[100]||Si[100], hence the crys-
tallography is cube on cube, with a large mismatch of
— 22.5%. The width in phi is 3°. The phi resolution of the
diffractometer is 0.65° as measured on the Si(202) reflec-
tion.

Transmission electron microscopy was performed to
examine the MgO-Si interface. Figure 2 is a high-resolution
interface lattice image of a film grown at 500°C in
$% 10~ ® Torr O,. The lattice spacing and electron diffrac-
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FIG. 1. X-ray diffraction phi scan of the MgO(202) family of reflections.

tion (not shown) corroborate the cube-on-cube crystallog-
raphy determined by XRD. The interface is abrupt and
free from secondary phases or obvious interdiffusion. It is
interesting to note that no regrown silicon-oxide is ob-
served at the MgO-Si interface. A regrown amorphous ox-
ide is observed for epitaxial YSZ/Si films."’ The silicon-
oxide formation is believed to occur via oxygen ion
conduction through the film after epitaxy is established.
The results are sensible since one expects far more oxygen
ion conduction through YSZ (due to its oxygen vacancies)
than through MgO.

Epitaxial systems with large lattice mismatch have
been observed to nucleate commensurate with the sub-
strate, and undergo an incommensurate (or commensurate
at some rational spacing) phase transformation within a
small number of monolayers (four monolayers'* in the

FIG. 2. High-resolution transmission electron micrograph of the MgO/Si
interface taken in the (110] zone axis onientation. The film was grown by
PLD at 500 °C in 0.005 mTorr O,. The interface is incommensurate but
maintains the (100)(1(100) orientational relationship.
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Buffer Layers for High-Quality Epitaxial
YBCO Films on Si

David K. Fork, Member, IEEE, David B. Fenner, Member, IEEE, Adrian Barrera, Julia M. Phillips,
Theodore H. Geballe. G. A. N. Connell, and James B. Boyce

Abstract—Efforts aimed st producing device quality YBa,Cu,0,_,
(YBCO) films on Si have resulted in films with properties comparable to
what can be achieved with conventional oxide substrates such as SrTiO,.
Epitaxial YBCO films were grown on Si (100) using an intermediate
buffer layer of yttria-stabilized zirconia (YSZ). Both layers are grown via
an entirely in situ process by pulsed laser deposition (PLD). The large
difference in thermal expansion coefficients between, silicon and YBCO
causes strain 8t room tempersture. Thin (< 500 A) YBCO films are
unreisxed snd under tensile strain with a distorted unit cell. lon channei-
ing reveals a high degree of crystalline perfection with a channeling
minimum yield for Ba as low as 12%. The normal state resistivity is
250-300 40 - cm at 300 K; the critical temperature, Tc (R = 0), is
86-88 K with a transition width (A7c) of 1 K. Critical current densities
of 2 x 107 at 4.2 K and 2.2 x 10* at 77 K have been achieved. Noise
messurements indicate that these films are suitable for use in highly
sensitive far infrared bolometers. Applications of this technology to
produce in situ reaction patterned microstrip lines is discussed.

1. INTRODUCTION

HAS been the goal of many research efforts to produce high
quality films of the superconductor Y,Ba,Cu,0,_; (YBCO)
on Si. Efforts in this direction have explored a number of
deposition techniques and processes, many of which are summa-
rized in a recent review in [1]. Although a variety of thin-film
growth techniques can now routinely produce excellent quality
YBCO films with critical current (J.) at 77 K in excess of 10°
A/cm? on substrates such as SrTiO, and MgO, only recently
has this been achieved on Si substrates [2], [3]. It is too early to
estimate what the technological impact of having high J. films
on Si wil! be; however, it is virtually essential to the substrate
level mating of superconducting and semiconducting technolo-
gies. A recent review [4] by Van Duzer and Kumar discusses
semiconductor - superconductor hybrid electronics with particu-
lar attention given to thermal management. A variety of hybrid
semiconductor - superconductor applications are discussed in {5].
Many applications are contingent upon the identification of a
suitable Josephson element; however, in the past year, signifi-
cant progress in this area has been made. This paper will focus
on the materials issues that have been addressed and in large part
solved. The electrical properties and fabrication processes rele-
vant to some device structures will be discussed.
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The principal difficulty in obtaining high J. films on Si has
been to prevent the severe reaction between YBCO and Si while
maintaining epitaxy from the substrate through to the YBCO.
The reaction problem suggests the use of a buffer layer of some
type. Metals [6] and silicides as a buffer layer on Si are typically
less inert than oxides; hence these are ruled out, leaving a large
number of possible oxides, which are then narrowed down by
the constraint calling for an epitaxial buffer layer. Several group
IIA fluorides (7], {8] have also been studied as substrates and
buffer layers; however, the results have generallv been less
encouraging than for oxides. Without epitaxy, there :s virtually
no possibility of producing films with high critical currents or
low noise or low surface resistance. Some oxides are known to
grow epitaxially on Si, hence possible epitaxial buffer layers
based on known technology include yttria-stabilized zirconia
(YSZ) [9)-[11], MgAl,0, [12], Y,0, [13}. CeO, [14]. PrO,
{15]. and A1,0; [16]. Currently, the best YBCO films on Si as
determined by their structural and electrical properties have been
obtained using YSZ buffer layers [2] or a variation [3] using
Y,0,/YSZ. This paper will focus on the results obtained using
YSZ as a buffer layer.

I1. GRowTH TECHNIQUE

All of our films are deposited by pulsed laser deposition
(PLD) in a system specifically designed to handle the growth
process on Si. An excellent review of the PLD technique as
applied to a large variety of materials is contained in {17]. Our
laser deposition technique is similar in most respects to other
systems for making YBCO films: however, unlike most other
systems, we use an N, purged glove box and a load lock to
introduce hydrogen terminated silicon wafers into our deposition
chamber. All of our targets are mounted on a rotating polygon
surrounded by a water-cooled shroud that reduces heating from
the substrate heater. We use an XeCl excimer laser that gener-
ates an energy density of 1.3 J/cm? on the targets. The Si
substrates are heated by radiation from a quartz tamp heater and
temperature is determined by optical pyrometry. Although many
groups glue their substrates down to a heated block with silver
paste. we have avoided this procedure for our work on Si
because of the possible surface contamination resulting from the
silver paste outgassing. Our procedure also allows the handling
of delicate structures and very thin Si. At a target-substrate
distance of 5 cm, each 17-ns laser pulse deposits about 0.2 A of
either YBCO or YSZ. Other materials may have somewhat
different deposition rates. The laser is fired at between 4 and 10
Hz.

The Si wafers undergo degreasing followed by spin-etching in
a flowing-N, hood; this technique is a variation of [18]. The Si
wafer is rotated. flushed with high purity alcohol, and etched
with several drops of a 1:10:1 mixture of HF, ethanol, and
water, all of high purity. This process produces an oxide-free
wafer covered by one monolayer of hydrogen which is passive
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to the effects of brief exposure to room air [19]. We use the N,
purged load lock to introduce these wafers into the deposition
chamber once spin etching is completed; Using a recently devel-
oped procedure [2] we deposit a S00-A epitaxial YSZ layer at
750-800°C in 4 X 10™* torr O, followed immediately by a
variable thickness YBCO film grown at 700-750°C in 200
mtorr O,.

III. FiLM CRYSTALLOGRAPHY AND STRUCTURE

The structural observations made by various groups on YBCO
films on a host of substrates are varied and complex, and
ultimately will provide a comprehensive picture of the growth
behavior of these films, and also provide insight into the correla-
tion of microstructure with electrical properties. With systems
requiring buffer layers, structural information becomes even
more critical.

A large portion of the structural optimization of a heteroepi-
taxial growth technique can be done by observing X-ray diffrac-
tion 0-20 scans and w-rocking curve widths or channeling
minimum yields. The 6-20 scans can identify improper phases
and orientations, whereas the w-rocking curve widths provide a
figure of merit for the tilt misalignment of the grains. By
monitoring both 6-20 spectra and w widths, it is possible to
close in rapidly on the optimal deposition parameters for a
growth process. We have done so for epitaxial YSZ on Si, and
the results are discussed in [11). Briefly, we observed that a
critical parameter for the epitaxy of YSZ on Si is the O,
pressure during growth. In the low pressure regimes, films
grown in a base pressure of 10~ torr are reduced, semiconduct-
ing, silvery in appearance, and adhere poorly to Si; the cubic
fluorite YSZ phase, while present to some degree, is oriented
randomly. In the high pressure regime, films deposited on
$i(100) in 50 mtorr O, have poor epitaxy with only weak
preferred {001] orientation. Presumably, at this pressure, silicon
oxide regrowth through the growing YSZ film is impeding
epitaxy as we observed for the growth of PrO, on Si {15]. The
optimal pressure lies between these two regimes, and is around
0.4 mtorr {11].

The in-plane film tcxturing and twist misalignment of the
grains in an epitaxial film may be determined from X-ray
diffraction phi scans of out-of-plane peaks with the phi rotation
axis perpendicular to the film. By aligning first to the substrate,
and then systematically observing the off-axis peaks of all subse-
quent epitaxial layers, all of the in-plane epitaxial relations
many be established. The width of reflections in phi (A¢) also
provide a figure of merit for the rwist misalignment of the
epitaxial grains.

We have performed phi scans on our epitaxial YSZ films on
Si; the alignment of the YSZ grains is constrained to about 1° to
the Si lattice. An interesting additional feature we observed is
that not all deposition techniques for YSZ on Si have reported
the same in-plane orientation. Films grown by electron beam
evaporation are reported to grow with YSZ [110] parallel to Si
{100). This epitaxial relation has a lattice mismatch of 0.2% for
YSZ/Si heteroepitaxy, requiring Si [010] parallel to YSZ [110)
and a ratio of 3:2 in the lattice-match repeat lengths {9]. The
lattice mismatch for the orientation we obtain by pulsed laser
deposition is larger (—5.8%); however, no material oriented as
in {9] appears in our films. The crystallographic relation we
observe on Si(100) agrees with what is observed for the growth
of epitaxial Si on YSZ [20). We note that for epitaxy with a 3:2
ratio in the lattice constants, the coalescence of separate nucle-
ation seeds may not be coherent, possibly resulting in antiphase
boundaries.

g
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Fig. 1. ¢-scan of the {103} family of peaks of a 1350-A thick YBCO film

with a 500-A YSZ buffer layer on Si(100). Peaks every 90° show in-plane
epitaxial alignment to ~2.0°.

Much attention has been given to the in-plane epitaxy of
YBCO on various substrates, particularly MgO [21] and YSZ
[23), where grain boundaries necessarily develop at the inter-
faces between c-axis grains with a discreet set of distinct
in-plane orientations. In cases where the epitaxy is both het-
erostructural and poorly lattice-matched, the variety of possible
in-plane orientations appears to increase dramatically; this ap-
pears to be true for both MgO or YSZ when used as substrates
for YBCO, suggesting that they are members of a category
characterized by weak epitaxy, which allows several orientations
to compete. In general it is expected that the mating of cubic
fluorite or rock sait structures with YBCO differs markedly from
the growth of YBCO on SrTiO,. This work has shed light on the
in-plane epitaxial behavior of YBCO on YSZ, which is an
oxygen deficient cubic fluorite structure compound.

Several groups including ours investigated YSZ as a buffer
layer material because of its chemical inertness with Si and
YBCO. It is known however that YBCO films on YSZ fre-
quently include many 45° twist grain boundaries, in addition to a
small variety of other low angle grain boundaries. In the pres-
ence of such mixed epitaxy, the critical current density is lower.

Based solely on a knowledge of the epitaxial growth of YBCO
on single crystal substrates, there are many other buffer layer

choices with potentially better epitaxy; however, either due to
chemical reactions or an inability to produce epitaxial thin films
of the material on Si, a variety of materials have been ruled out
or appear difficult to control. It is a fortunate occurrence that
YBCO films grown in situ on epitaxial YSZ films on Si have
only a single in-plane orientation (see Fig. 1) neglecting
twinning. This result suggests that the in situ prepared YSZ
surface is an ideal growth surface for YBCO, and that the YSZ
surface is easily disrupted in a fashion that allows other orienta-
tions to nucleate and grow. Confirmation of this effect is pro-
vided below in the section on reaction patterning of YBCO on
Si. It is worth mentioning that the method reported in [2] is
currently the only fully in situ technique whereby both the
epitaxial buffer layer and the YBCO film are deposited by the
same process without interruption.

Fig. 1 shows a log-linear plot of a phi scan of the YBCO
{1031 peaks obtained for a 1300-A YBCO film grown on a
500 A YSZ buffer layer. Zero degrees phi in this figure was
obtained by aligning the Si (101) reflection. This reveals that the
YBCO unit cell is rotated 45° in the plane with respect to the Si.
Peaks occur every 90°, showing than no additional in-plane
YBCO orientations occur, unlike films we produced earlier on
single crystal YSZ substrates [13]). From the width of the peaks,
it is possible to infer that the YBCO is aligned to with about 1°
to the YSZ and about 2° to the Si.
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TABLE 1
EprTaxiAL RELATIONS OBSERVED IN THE COURSE OF THIS WORK

Film Interface In-Plane Relation A¢ Out of Plane Relation Aw

YBCO/YSZ(100) ([110}§{100) 1.5-2.5 foo1) 0.6-1.0
YSZ/Si(100) [100)4{100) 1.1-1.5 [0o1) 0.7-0.8
YBCO/YSZ(111) !lndom_ {001) large
YSZ/Si(iil) (11o3jfio1] 2.6 {111} 2.0
Pro, /Si(111) (1iojf{to1] 0.9-1.0 [111] 0.78-1.0
CaTiO, /Si(100) random - random -
SrTiO, /Si(100) random - mostly [110) -
BaTiO, /Si(100) random - mostly [110] —
LaAlO, /Si(100) random - random —

Many additional epitaxial relations have been studied in the
course of this work. Table I lists the epitaxial relations of a
variety of material systems we have investigated to date. We
have already discussed the YBCO/YSZ(100) and the
YSZ/Si(100) systems. We have also grown epitaxial YSZ films
on Si(111), which for many cubic fluorite structure materials is a
more hospitable growth surface. One would expect this system
to have crystallography similar to CaF, on Si(111), which is the
most studied cubic fluorite-on-diamond heterostructural epitaxial
system {24]. It is indeed the case, that like CaF,, both YSZ and
PrO, produce type-b interfaces on Si(111). This implies that
with respect to the silicon, the film crystal lattice is rotated 180°
about the [111] direction.

Attemnpts to grow epitaxial YBCO on YSZ(111)/Si(111) re-
sulted in nonepitaxial c-axis oriented films. This suggests that
the orientation is dominated by growth kinetics rather than by
any template provided by the substrate; again, this supports the
view that YBCO/YSZ is a system possessing weak epitaxy.
Similar observations have been made by Shi er al. [25]). The
in-plane structure of such a film is necessarily random; hence
the electrical properties are expected to suffer due to the random
network of grain boundary orientations. This is observed as a
~ 3x increase in the YBCO resistivity, a lowering of the critical
current density, and a suppression of the critical temperature by
several degrees.

Our earliest success growing epitaxial metal oxides on Si
occurred during the investigation of PrO, on Si(111) [15]. The
epitaxial relations of this system are listed in Table I. This
material did not make a satisfactory buffer iayer for YBCO on
Si(i100): however, it did elucidate many aspects of the hydrogen
termination process and deposition conditions.

Some effort has been directed at the growth of perovskite
buffer layers on Si. This has been dictated in large part by the
success obtained for YBCO growth on single crystal perovskite
family compounds, such as SrTiO, and LaAlO,. The results on
hydrogen-terminated Si have been thus far nonepitaxial for the
four perovskite structure compounds listed in the bottom of
Table I. It is too early to tell the precise reason why epitaxy does
not occur. There do appear to be subtie differences in the
preferred orientations of these polycrystalline perovskite films
on Si.

Additional microstructural information has been obtained on
our films through the use of Rutherford backscatter spectroscopy
(RBS.) X-ray diffraction is capable of looking at grains of a
particular orientation; random or highly misoriented material is
difficult to detect. RBS data are complimentary since by compar-
ing random to channeled spectra, a quantitative figure of merit
for the overall crystallinity, the x,,,. is obtained. This is simply
the ratio of the backscattered yield along [001] to that in a
random direction. A typical spectrum for YSZ films on Si has
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Fig. 2. Energy spectra of °(001) aligned and random 1.8 MeV 4He + ions
backscattered from a 1400-A YBCO film with a 500-A thick buffer layer on

Si. The channeling minimum yield for Ba is 12%. The YSZ and Cu peaks
overlap.
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Fig. 3. Resistivity versus temperature data for a 500-A YBCO film on YSZ
on Si.

been reported in [11], wherein a minimum yield for Zr of 5.3%
was reported. The minimum yield of completely random mate-
rial is 100%, whereas that for a single crystal would be about
2-3%. This indicates that the YSZ film is close to single crystal
quality. Interfzcial disorder is also observed in RBS spectra of
YSZ/Si, and is discussed in [11).

Some channeling spectra have also been taken on
YBCO/YSZ/Si. Fig. 2 shows the backscatter spectrum for one
such film. The ratio of the backscattered yield along (001) to that
in a random direction (x,) for Ba is 12%. Although this is an
indication of crystalline order, it is still higher than what is
observed for single crystals [26]. Disorder, evidenced by a
larger x,..,. appears to increase near the interface. The values of
Xmin for YSZ and Si change dramatically with YBCO thickness.
For a very thin 130-A YBCO film, the x,,, valyes for YSZ and
Si were 22% and 46%. In contrast, the 1350-A YBCO film in
Fig. 2 had x.,, of 67% and 77% for YSZ and Si, respectively.
This is not surprising in light of the tensile strain imposed on the
epitaxial layers by their thermal contraction; more will be said
about thermal strain in a subsequent section.

IV. ELECTRICAL PROPERTIES

The dc electrical properties of these YBCO films produced by
the technique described above are comparable to the most favor-
able values reported for films on SrTiO, and MgO:; this result is
expected based on the similarity of crystal quality. In the regime
close to zero frequency, state of the art epitaxial YBCO thin
films appear to have transport properties that are approaching
the intrinsic limits for the material. In addition, it is worth
commenting that ideal crystalline perfection is not necessarily
desirable due to the likelihood of select defects acting as centers
for flux pinning. The intrinsic electrical properties at microwave
frequencies remain unknown and incalculable since no reliable
model exists for an idealized YBCO crystal, unlike the case of
normal metals where skin depth and surface resistance are easily
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Fig. 4. Magnetization hysteresis loop of a 6 mm x 6 mm x 400 A
YBCO/YSZ/Si film at 4.2 K indicating J. of 2 x 10 A/cm®.

estimated. What is generally believed, however, is that the
requirements for high dc critical current or weak magnetic field
dependence and low microwave loss may be at odds, and may
require epitaxial films with different microstructures. With these
remarks in mind, some of the electrical properties are discussed
below. o

Fig. 3 shows a resistivity versus temperature plot for a 500-A
YBCO film grown on YSZ/Si. Many such measurements have
been made on these films. The transition temperatures (zero
resistance) fall in a range of 86-88 K, and the transition widths
are typically 1 K. The transitions are somewhat lower and
broader than our films on single crystal LaAlO;; however, the
normal state resistivity falls in a range from 250 to 300 Q- cm
at 300 K, which is typical of films grown on conventional
substrates. Numerous groups, including our own, have observed
that films on MgO and YS7 single crystal substrates often have
critical temperatures that are a few degrees lower than those on
SrTiO, or LaAlO;. The origins of this effect are not understood
fully. but may be related to differences in lattice match. The
normal state behavior of the YBCO films on Si differs markedly
from films on other substrates in that the extrapolated resistance
curve crosses the positive side of the temperature axis. This is
not typically observed in single crystals or in thin films. We
conjecture that this may be the influence of strain on the normal
state properties.

Critical currents (J_) in these films were measured by trans-
port and vibrating sample magnetometry. The transport J. at 77
K was measured on a 60-um wide excimer-iaser-patterned strip.
The strip is generated by removing ~ 25-um square portions of
the film while translating it on an xy stage until a four-point
pattern is isolated within the center of the wafer. The J. of a
305 A film was 2.2 x 10° A/cm? based on a voltage criterion of
1 uV/mm. Vibrating sample magnetometry was used to measure
J. at 4.2 K and to obtain magnetic fie’d dependence to 1.5 Tesla.
A magnetization hysteresis loop for a 400-A film is shown in
Fig. 4. The J_ at 4.2 K in zero field as determined using the
Bean critical state model [27] is 2 x 107 A/cm2. The field
dependence is similar to that of films on LaAlO,; J, is reduced
by a factor of 1.7 at 1.5 T. The zero field values of the critical
current density are about one-half the highest reported values on
LaAlO, and MgO, but are the highest currently reported on Si
substrates.

It is clear that pinning is playing an important role in these
films. At low temperature, the critical current density is only
about a factor of 10 less than the depairing critical current
density estimated in [28). Well-ordered YBCO single crystals
have a J, about tenfold lower than the measured critical current
in our films; however, when damaged by proton irradiation [29],
the critical currents become comparable. as does the field depen-
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Fig. 5. (a) 130-A YBCO film on YSZ/Si. (b) 1300-A4 YBCO film on
YSZ/Si. Note crack boundaries.

dence. The channeling data provides a quantitative comparison
of the crystalline order between the thin films on Si and single
crystals, i.€.. Xmin ftm ~ 3(Xmin, crys)- Although the precise
nature of the disorder in the film is not clear, it is arguable that
some of the crystalline imperfection, whether arising from lattice
mismatch, thermal strain or a variety of other defects, is in-
volved in pinning.

V. EFFects OF THERMAL STRAIN

Thermal strain is perhaps one of the most critical remaining
issues that will have important effects on the applicability of
YBCO on Si technologies. The thermal contraction of the system
consisting of a thick substrate and any number of thin epitaxial
layers will invariably be dominated by the substrate. The ther-
mal expansion constants of Si and YBCO are such as to place the
YBCO film under tension; this introduces the potential for
cracking. Since YBCO films are grown in situ at a substrate
temperature of about 700°C, the idealized strain of the YBCO
with respect to the Si is about 0.83% at room temperature; this
value is obtained by taking the average thermal expansion con-
stants between 23°C and 700°C for Si {30] (3.8 x 107¢/°C)
and the ab average for YBCO (1.6 x 1073/°C) [31]. It is
natural to expect that for very thin films, the epitaxial layers will
respond elastically to the biaxial stress, without fracturing. This
indeed has been observed. In the limit where films are strained
and unfractured, the YBCO unit cell is distorted and the critical
current is h'Lgh as reported above. Beyond a critical thncknoess of
about 500 A. the films begin to fracture. and by 1300 A, the
current path is sufficiently disrupted to lower the critical current
by a factor of ~ 20.

Aithough X-ray diffraction was used to measure the distortion
of the YBCO unit cell, the critical thickness of ~ 500 A was
determined by performing both scanning electron microscopy
and critical current measurements. Fig. 5(a) shows a micrograph
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Fig. 6. Scheme of the YBCO reaction patterning process.

of a 130-A thick YBCO film on Si which was Slastically strained
and had a c-axis lattice constant of 11.63 A [2]. This lattice
spacing is significantly shorter than the bulk value of 11.68 [31].
It must also be borne in mind that the c-axis lattice constants of
YBCO films are often longer than the bulk value {32], and vary
depending on the procgssing conditions. Fig. 5(b) shows a
micrograph of a 1300-A thick YBCO film on Si that shows
rather obvious fractures. These fractures run predominantly
along [100] and [010] directions and are spaced about 1 um
apart. In this film, the lattice constants were observed to be very
close to the bulk YBCO values.

Si has a thermal expansion constant that is smaller than many
oxides (one notable exception is Si0,) and compound semicon-
ductors; hence thermal strain is a frequently encountered prob-
lem, having plagued epitaxial systems such as CaF, on Si [22],
Si on YSZ [20], and GaAs on Si [33]). Since the study of YBCO
on Si is in its infancy, many approaches to solving this problem
remain untried.

VI. REacTiON PATTERNING OF YBCO oON SiLicoN

Although the reaction between YBCO and Si is one of the
reasons for avoiding Si as a substrate, this property has been
recognized as useful for creating insulating thin film domains,
and hence ‘‘reaction patterning’’ microstructures. The first re-
port of such an application was made by Q. Y. Ma et al. [34],
wherein it was reported that YBCO films could be reaction
patterned down to 2.5 um by patterning Si on MgO substrates
prior to the YBCO deposition and a subsequent post anneal
treatment at 980°C. The resulting microstrip in that work had a
critical current density of 300 A/cm? at 75 K.

Our adaptation [35] of [34] consists of growing an epitaxial
YSZ film on Si (100) by pulsed laser deposition as described
above, removing selected areas of the YSZ film by Ar* ion
milling, and then in situ laser depositing a layer of YBCO (Fig.
6). The desired pattern is defined lithographically in positive
photoresist. The Ar* ion milling procedures uses a Kaufman ion
source operating at 500 V. The substrates are cooled during the
milling procedure. The, etch rate of YSZ was determined by
profilometry to be 20 A/min. Fig. 7 shows scanning electron
micrographs of the final product. An advantage of this process is
the formation of a mesa structure isolating the patterned YBCO
features from the possibility of lateral Si diffusion. The electrical
isolation of separate mesas was > 20 M1} for all of the films we
tested. The J, of a 3-um wide reaction patterned microstrip line
was 1.6 x 10% A/cm? at 77 K, which is very close to the J. of
unpatterned films.

—t 10 pum
Fig. 7. SEM photo of 3-pm reaction patterned YBCO microstrip.

One principal advantage of this technique is that fully opera-
tional planar devices such as bolometers, delay lines, and weak
link structures such as substrate step edge superconducting quan-
tum interference devices (SQUID’s) can be produced without
subjecting the YBCO film to wet chemical etchants,
photoresist, or solvents. This may be of particular benefit in the
case of ultrathin films or structures mounted on thin substrates,
such as membrane bolometers [36).

In the course of this work, it was discovered that removing
the YSZ film from the growth chamber for processing and
reinserting it into the chamber altered the growth surface suffi-
ciently to seriously degrade the epitaxy. Again, this supports the
inference that YBCO/YSZ is a weak epitaxial system that is
easily disrupted. In this instance, the disruption manifested itself
by the presence of 45° angle and low angle grain boundaries in
c-axis oriented grains. This effect was easily observed with x-ray
diffraction phi scans of the YBCO {103} reflections, and was
remedied by growing 20 A of horpoepitaxial YSZ on the surface
prior to growth [35]. The 20-A YSZ was not sufficient to
prevent diffusion of the Si in the areas intended to be insulating.

VII. CoNCLUSION

This paper has reviewed some of the current progress and
activity aimed at advancing the technology for growing and
utilizing epitaxial YBCO films on Si substrates. Although many
buffer layer materials have been investigated by a variety of
groups, one of the most promising buffer layers is YSZ. In spite
of this material’s potential for supporting weak epitaxy, films of
excellent crystal quality are easy to produce under the proper
processing conditions. Residual defects in the YBCO may be
responsible for pinning. Thermal strain is a problem in this
system; however, a variety of potential solutions exist, and will
certainly be reported in the future.
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Epitaxial yttria-stabilized zirconia films were grown on Si (100) and Si (111) by pulsed laser
deposition. Rutherford backscattering spectroscopy indicates a high degree of crystalline
perfection with a channeling minimum yield of 5.3%. A necessary predeposition process is
removal of native silicon oxide from the Si prior to film growth. This is done outside

the deposition chamber at 23 °C using a wet-chemical hydrogen-termination procedure.
Epitaxial YBa,Cu;0, _; films have been grown on these films.

Yttria-stabilized zirconia (YSZ) is attractive for appli-
cations including storage capacitors in dynamic random
access memories, hard disk protective overlayers, and ra-
diation hard devices. YSZ is an ionic conductor' and has
been used as a solid electrolyte in thin-film oxygen sensors?
and fuel cells. YSZ has an index of refraction of 1.98 at
6328 A, and is useful as a high quality facet coating for
semiconductor lasers.’ YSZ has a dielectric constant of 27
at 10 GHz,* and a § eV band gap. The cubic fluorite struc-
ture of (Y,0,),(Zr0,), _, is maintained over the compo-
sition range x=0.04-0.30.° Strong electronic absorption®
begins around 400 nm, making YSZ a useful source for
pulsed laser deposition (PLD) using a XeCl (308 nm)
excimer laser. Epitaxial YSZ has been grown by ion beam
sputter deposition’ and electron beam deposition.s PLD
and sputtering have been used to grown nonepitaxial, poly-
crystalline films of YSZ on Si.? In this letter, we report the
first growth of epitaxial YSZ on Si by PLD.

One benefit of developing a PLD technology for epi-
taxial YSZ is the ease with which films of the high-
temperature superconductors may be grown. The
Y,Ba,Cu;0;_, (YBCO)-Si decomposition reaction is se-
vere whereas YSZ is comparatively inert with Si.’ Past
work® has demonstrated that YBCO films grown on Si
with YSZ buffer layers have better properties than films
grown directly on Si, principally due to the avoidance of
reaction. None of the previously reported films have ap-
proached the quality attainable with substrates such as
MgO, SrTiO,;, LaAlO,;, and in particular single-crystal
YSZ'” due to the polycrystalline and multiphase nature of
the YSZ buffer film. With the process reported here, we
have grown YBCO/YSZ/Si films with T, (R=0) of
86-88 K, critical current of 2.2 10° A/cm? at 77 K, and

a Rutherford backscattering spectroscopy (RBS) channel-
ing minimum yield of 12%."

An obstacle to epitaxial growth on Si is the surface
oxide. Recently our group demonstrated the effectiveness
of hydrogen-terminated Si surfaces, which allowed the
growth of epitaxial PrO, on Si for the first time.'? The
technique is an ex situ, room-temperature wet-chemical
process, effective for both (100) and (111) orientations.

The PLD technique is reviewed in Ref. 13. YSZ targets
made by pressing mixtures of ZrO, and Y,0; at 50 000 psi
and sintering for 36 h at 1000 °C in flowing O, produce
smoother films than earlier YSZ films made by depositing
ZrO, and Y,0; separately. The Si substrates are heated
radiantly to 800-850 °C, as recorded by an optical pyrom-
eter, and held 5 cm from the target; each 17 ns laser pulse
deposits about 0.2 A per 130 mJ (1.3 J/cm?) pulse. The
laser is fired at 8-10 Hz.

The wafers are degreased and spin etched in a flowing
N, hood; this is a variation of Ref. 14. The Si wafer is
rotated, flushed with high-purity alcohol, and etched with
several drops of a 1:10:1 mixture of HF, ethanol, and wa-
ter, all of high purity. The subtrates are transferred in N,
to our deposition system via a N, purged glove box and
load lock. X-ray photoelectron spectroscopy indicates that
after spin etching, 0.03 monolayer (ML) of total carbon
residue and ~0.005 ML each of oxygen and fluorine re-
main on the surface.'® These H-terminated Si surfaces are
very passive to reoxidation or contamination even in 1 atm
air. The H remains on the surface until the substrates are
heated above ~ 500 °C.

A critical parameter for epitaxy is O, pressure during
growth. In the low-pressure regime, films grown in a base
pressure of 10~® Torr are reduced, semiconducting, silvery
in appearance, and adhere poorly to Si; the cubic YSZ
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FIG. 1. 26 scans of YSZ films grown at 800 °C on H-terminated Si (100)
over a range of oxygen pressures as indicated in Torr. The base pressure
is 10 ® Torr. Peaks occurring at 30° are the undesirable (111) orientation
of the YSZ. Peaks at 35° correspond to epitaxial YSZ (002).

phase, while present to some degree, is oriented randomly.
In the high-pressure regime, films deposited on Si (100) in
50 mTorr O, have poor epitaxy with only weakly preferred
[001] orientation. Presumably, at this pressure, silicon ox-
ide regrowth through the growing YSZ films is impeding
epitaxy as we observed'? for the growth of PrO, on Si. This
suggested that an optimized O, pressure would minimize
both adverse effects, as we have observed. All samples in
this experiment were heated in ~10~° Torr and O, was
introduced shortly after the laser pulsing began.

All films were characterized by x-ray diffraction on a
four circle diffractometer with a Cu K, source. Figure 1
shows 20 scans of a series of x = 0.05 YSZ films grown on
Si (100) at 800 °C in 10~° Torr to 5 mTorr O,. One notes
the elimination of the undesired YSZ (111) peak as the
orientation improves with increasing O, pressure. The op-
timum O, pressure lies between 2x10™* and 7x10~*
Torr, producing w-rocking curve full width at half maxima
{(FWHM) of 0.7° to 0.8° for YSZ (002) (Table I). Our
resolution in @ as determined by the Si (004) peak is 0.2".
The YSZ (002) intensities also peak in the optimal pres-
sure range. The small shoulder on the YSZ (002) peak,
which is attributable to the tetragonal ZrO, phase, is not
present in films with x = 0.09, indicating that only the
cubic fluorite structure is obtained. A film grown on
Si (111) was also epitaxial with a rocking curve full width
at half maximum (FWHM) also in Table 1.
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TABLE L w-rocking curve FWHM and peak intensity for films grown at
800 °C as a function of O, pressure.

Substrate O, (Torr) YSZ peak w FWHM  peak intensity
Si (100) vacuum (200) > 5° 12
Si (100) sx10 ¢ (200) 4.50° 70
Si (100) 1x10 * {200) 1.19° 450
Si (100) 2x10 ¢ (200) 0.82 1150
Si (100) 4x10 * (200) 0.71° 1300
Si (100) 7x10 * (200) 0.86° 1450
Si (100) 1x10 ¢ (200) 0.88° 800
Si (100) 5x10 ° (200) 1.05° 720
Si (100) sx10 ° (200) 1.7¢° 220
Si(111) 1x10 °* (1 1.47° 140

In plane film texturing was determined from phi scans
of the YSZ {202} peaks. The crystallography of all films is
cube on cube with the YSZ [110] direction along the
Si [110] direction. This epitaxy is rotated by 45° with re-
spect to that in Ref. 5, which reported a lattice match of
0.2% for YSZ/Si heteroepitaxy requiring Si [010] parallel
to YSZ [110] and a ratio of 3:2 in the lattice-matched re-
peat lengths. The lattice mismatch for the orientation we
observe is larger ( — 5.8%), however, no material oriented
as in Ref. 5 appeared in our phi scans. In contrast, we have
observed multiple in-plane orientations in the PrO,/Si sys-
tem, particularly when growth conditions were not opti-
mized. The twist misalignment of the YSZ grains, mea-
sured by the phi width, was less than 1° (Ad = 1.14°); our
resolution in ¢ as measured on the Si (202) peak is 0.57°.

Rutherford backscattering spectroscopy along aligned
(001) and random directions using 1.8 MeV* He* ions
characterized thickness and crystalline quality. Figure 2
shows aligned and random spectra for a YSZ (x = 0.09)
film grown at 800 °C in 4 10 * Torr O,. The thickness at
center was determined to be 1500 A. The ratio of the back-
scattered yield along (001) to that in a random direction
(Xmmn) 18 3.3%. This result compares with the best re-
ported”® value for electron beam deposited films of 5%. y,.,,
would be ~3% for a high quality single crystal.

350
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280
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@
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: ".\‘._«'fz:
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Energy (MeV)

FIG. 2. Energy spectra of (001) aligned and random 1.8 MeV 4He * ions
backscattered from a 1500 A YSZ film on Si (100).

Fork et al. 1138




FIG. 3. Scanning force micrographs of (a) a 1500-A-thick YSZ film
grown at 800 °C. The area shown is 4 x4 um-. The full grey scale is 40.5
A. (b) A 1x1 um’ area of a 1500-A-thick YSZ films grown at 850 °C.
Note that the grey scale is 10 x larger than (a).

There is strong dechanneling in all YSZ films, partic-
ularly near the interface, which may contribute to the
nonideal y.... This observation is reminiscent of epitaxial
CaF, films on Si, which like YSZ films have a large mis-
match in the thermal expansion coefficients'® (a) between
substrate and film (a5 =38X107%/°C, ays
=11.4x107°/°C, ac,r, = 19x 107%/°C). Microplasticity
has been observed'” in YSZ at 23 °C, and may be involved
in the relaxation; the yield strain ( ~0.0057) is close to the
thermally induced strain ( ~0.0059). Both lattice match
and plasticity should increase with yttria content which
may be beneficial.
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Characterization of the surface morphology of 1500 A
films grown at 800 °C by scanning electron microscopy and
stylus profilometry failed due to the extreme smoothness of
the films. Scanning force microscopy using a Park Scien-
tific Instruments model No. SFM-BD2 revealed [Fig. 3
(a)] a surface roughness of ~ 10 A over a 4 X4 um? area.
This is comparable to the ~6 A roughness of polished Si.
The surface features are dominated by extremely shallow
valleys ~ 10 000 A long, ~ 1500 A wide, and ~ 10 A deep.
These (110) oriented features provide additional evidence
for strain relaxation in these films. Films grown at 850 °C
have a seriously degraded surface {Fig. 3(b)] with a rough-
ness of ~350 A in a 1 X 1 um? area.

In summary, epitaxial YSZ films have been grown on
Si (100) and Si (111) by PLD. O, pressure is a critical
parameter for epitaxy of the cubic phase. Smooth, epitaxial
films consisting only of the cubic YSZ phase were obtained
for x = 0.09. A critical step prior to epitaxy is the Si oxide
removal and passivation with H. Films characterized by
RBS channeling have y. as low as 5.3%. These YSZ
films have permitted fabrication of high quality YBCO
films on Si via an entirely in situ process.

We thank Michael Kirk of Park Scientific Instruments
for scanning force microscopy, and R. I. Johnson, S.
Ready, and L. E. Schwartz for technical assistance. This
work benefits from AFOSR (F49620-89-C-0017). DBF re-
ceived NSF (DMR-8822353). DKF is an AT&T scholar.
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Buffer layers on silicon for growth of YBCO films

D. K. Forkab, G.A.N. Connella, F.A. Ponces, J.B. Boycea, and T.H. Geballeb

aXerox Palo Alto Research Center, 3333 Coyote Hill Rd., Palo Alto, CA 94304,
USA

bDept. of Applied Physics, Stanford University, Stanford. CA 94305. USA

Abstract

Pulsed laser deposition is a powerful technique for the epitaxial growth of
superconducting oxide films on numerous oxide substrates. Until recently,
epitaxy on silicon substrates was made impossible by the chemical reactivity and
thermal expansion mismatch of silicon and superconducting oxides. By
interleaving an epitaxial buffer layer of yttria-stabilized zirconia in a fully in-situ
laser deposition process, we have addressed both of these problems to grow c-axis
oriented, epitaxial Y1Ba2Cu307.5 (YBCQ) films on silicon. X-ray diffraction
indicates an in-plane, epitaxial alignment within 2°. The films not only have high
superconducting transition temperatures of 88 K but also have critical current
densities of 2.2x106 A/cm2 at 77 K. Transition widths are 1 K and normal state
resistivities are 0.28 mOhm-cm at 300 K. Additional studies of YBCO on silicon-
on-sapphire show that the limit on thickness of about 50 nm, set by thermal
strain, for oxide films on bulk silicon can be overcome, and films with thicknesses
far beyond this critical thickness have been grown. The surface resistance of
these films at 4.2K and 11.8GHz is 72 uyQ c¢m and the critical current at 77 K is
4.6x10°% A/cm?. The values of the above parameters are now high enough to enable
the fabrication of micro-electronic devices with superior performance.

1. OUTLINE

In this extended abstract, we review our work on the epitaxial growth of YBCO
on silicon and silicon-on-sapphire using YSZ as an epitaxial buffer layer.

2. PULSED LASER DEPOSITION

All growths in this study were performed by pulsed laser deposition using a
rotating polygon target system ('PolyGun’) designed to accommodate ten different
materials during a single deposition run. By triggering a 308 nm XeCl excimer
laser to ablate a particular target with each revolution of the polygon, interfacial
monolayers, films formed by atomic level mixing of numerous target materials,
and multilayer stacks can all readily be deposited under computer control. We
have used all of these growth techniques in the work reported here.
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3. WHY CHOOSE YSZ AS A BUFFER LAYER?

YSZ is an attractive buffer layer for numerous reasons: it is chemically inert
both with silicon and YBCQ at the growth temperature of 750 °C (1}, its cubic
fluorite structure is related to the silicon structure and has a lattice constant that
may be controlled by varying the yttria content (2]; and it provides a good silicon
diffusion barrier when more than 20 nm thick, such that thicknesses well below
the critical thickness for crack propagation from thermally induced strain can be
used [3]. But previous work on the deposition of YBCO on single crystal YSZ
points to a potential problem: the in-plane epitaxy of YBCO on YSZ is tristable
with the YBCO a-axis either parallel 1o the YSZ<100>, parallel to the YSZ
< 110>, or broadly distributed about +9° to the YSZ <100> (4]. Such grain
boundaries will severely restrict the critical current attainable in the YBCO film
[5]. We have shown that the occurrence of grains other than those with the a-axis
parallel to the YSZ <110> is minimized by first growing a homoepitaxial YSZ
layer on theYSZ and initiating the YBCO growth with a monolayer of CuO or
Y203(6}. We therefore have an effective process for growing high quality YBCO
films on single crystal YSZ and epitaxial YSZ films on silicon.

4. EPITAXIAL GROWTH AND STRUCTURE OF YSZ AND YBCO ON
SILICON

An essential step for the epitaxial growth of YSZ on silicon is the preparation
of the silicon surface. In our work, the silicon wafers are spin cleaned and etched
in flowing nitrogen first using high purity alcohol and then a 1:10:1 mixture of
HF, ethanol, and water. This process produces an oxide-free, passivated wafer
surface, covered by one monolayer of hydrogen, that remains uncontaminated
during the passage of the wafer through the nitrogen-purged load lock into the
deposition chamber [7). Epitaxial growth of a 50 nm thick YSZ film is then
achieved using an excimer laser energy density of 1-2 J/cm?, a substrate
temperature of 750 °C, and background oxygen pressure of 5x10'* Torr. The
epitaxial growth of YBCO follows immediately using the same laser energy
de'?sity s]nd substrate temperature, but with a background oxygen pressure of 200
mTorr {8).

The structural orientation and in-piane texturing of the YSZ and YBCQ (ilms
have been examined by x-ray diffraction. The YSZ films have (001] perpendicular
to the surface to within 0.8% and {100) parallel to silicon | 100] to within 1.1V. This
cube-on-cube epitaxy occurs with a lattice mismatch to silicon of almost 6%, but
the ratio of the Rutherford backscattered yield along <100>> to that in a random
direction (Xmin) of 5.3% is little greater than the 3% ohserved in high quality YSZ
single crystals. There is strong dechannelling at the YSZ-silicon interface
attributable to the large mismatch in the thermal expansion coefficients {9].

The YBCO films have their c-axes oriented perpendicular to the surface to
within 0.8° and {110] parallel to YSZ 1100) to within 2°. Thin films are placed
under strain by the great difference in the thermal expansion coefficients of
silicon and YBCO - the average ab-distance is expanded by 0.41% while the c-
distance is contracted by a similar amount in 13 nm thick films. In films thicker
than about 50 nm, the strain energy is relaxed by cracks occuring at about 1 pm
spacings along <100> directions [10). Cracking in thicker films can be overcome
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by using silicon-on-sapphire as the substrate {111]. In this case, the closer match of
the thermal expansion coefficients of sapphire and YBCO allow films with
thicknesses of at least 400 nm to be grown before strain relaxation by cracking
occurs.

5. ELECTRICAL PROPERTIES OF YBCO ON SILICON AND SILICON-
ON-SAPPHIRE

YBCO films grown in this study have a zero resistance at 88 K and a
transistion width of less than 1 K. For films on silicon-on-sapphire, the critical
current at 77 K is 4.6x10° A/cm?and the surface resistance at 11.8 GHz and 4.2 K
is 72uQ. For films on silicon, the electrical properties depend strongly on film
thickness. When cracking occurs, the critical current at 77 K drops precipitously
to 1x10° A/cm? from a value of 2x10% A/cm? in thin films.

6. CONCLUSION

Using a straightforward in-situ deposition process, we helieve that we have
taken the first steps in developing the materials technology needed to design
electronic circuits in which superconducting and semiconducting elements are
integrated. We now plan to address the challenging materials issues associated
with circuit delineation, cross-over and via fabrication, and active device design.
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SUMMARY ABSTRACT: GROWTH, PROPERTIES AND APPLICATIONS OF EPITAXIAL YBa3Cu307.5 THIN FILMS ON Si

David K. Fork,!2G. A. N. Connell,2 J. B. Boyce,2 and T. H. Geballe!

IStanford University, Department of Applied Physics, W. W. Hansen Laboratories, Stanford, CA 94305, USA
2Xerox Palo Alto Research Center, 3333 Coyote Hill Road, Palo Alto, CA 94304, USA

Earlier attempts to produce high quality thin films of YBa2Cu301.5 on Si substrates were thwarted by their reactivity and
thermal expansion behavior. The collective research or several groups has demonstrated several epitaxial buffer layer
systems including yttria-stabilized zirconia and MgO which allow the epitaxial growth of YBCO on Si without chemical
reaction. Although direct epitaxy of YBCO on silicon may not be possible, buffer layers permit the growth of device
quality YBCO films with critical current densities in excess of 109 A/cm? at 77 K. Methods have been developed to
pattern these films in-situ by removing the buffer layer in selected areas to produce isolated superconducting mesas. The
complications of thermally induced tensile stress have been eliminated through the use of silicon-on-sapphire instead of
silicon. This work has revealed methods for controlling the in-plane epitaxy of YBCO films on zirconia via homoepitaxy
and nucleadon-initiating monolayers. A variety of application-oriented measurements and structures will be reported.

1. Introduction

Monolithic combination of the high-temperature
superconducting cuprates and silicon semiconducting
technology will require thin film structures which prevent
interdiffusion and adverse chemical interactions and which
also permit the epitaxial growth of these materials. There has
been considerable progress recently which has produced thin
films of YBaCu307.5 (YBCO) with dc transport properties
clo.. to what are considered intrinsic limits of the material.
This paper will review the progress and discuss the related
materials and applications issues.

2. Materials
All of the reports of YBCO films on silicon with high
critical current densities have employed epitaxial oxide buffer
layers. Table 1 lists representative structures.
TABLE 1
Epitaxial Buffer Layer Systems for YBCO on Si
Structure  Group T¢ Jc(77K) One typoo Ref.
(K) MA/cm2 System (nm)

BaTiOy Belicore/ 87 0.06 no 100 i
MgAI204 Rutgers

Y20y/YSZ Hiroshima 84 1.0 no 60 2
YSZ  Swanford/ 88 2.2 yes <50 3

Xerox
BaTiOy/MgO 88 0.7 yes <S50 4
YSZ/SVALO; 88 4.6 no >400 5
6

CeO2 Los Alamos87 0.2 no 220
Critical current density (J¢) is limited by buffer layer
quality and effects of thermally induced biaxial tension. This

also limits the thickness of the YBCO layer (typco). The

highest J¢ has been obtained by mitigating thermal stress by
using silicon-on-sapphire substrates (@ypco = 16x106 /°C,
as; = 8.4x10-6 /°C and aA1,0; = 3.8x10-6 /°C) .5 This may
be the most direct route to obtaining YBCO films thick
enough for microwave applications. Stress can also be
lowered by techniques which lower the YBCO growth
temperature, however, these have not been adequately
developed. Crack nucleation appears to be influenced
somewhat by the type of buffer layer material accounting for
some variation in reported critical thicknesses, typically from
50 to 100 nm on bulk Si for the highest critical currents.

Fabrication of all thin film layers via one integrated
process has been demonstrated in two cases3.4 and it should
be possible to integrate many other systems also. The
YBCO/YSZ epitaxial system is known to frequently produce
several epitaxial orientations,” however it has been noted that
the in-situ processing of YBCO and YSZ layers renders one
orientation singularly stable.3.8 Additional techniques for
controlling the epitaxial relations in this system have been
recently discovered. These involve monolayers of Y or Cu
oxides, or layers of CeO; prior to YBCO deposition.9

Three techniques in Table I have a demonstrated potential
for producing a-axis oriented YBCO on Si!.4.6 which may
be desirable in tunneling structures requiring vertical access
to the long (~1 nm) YBCO coherence length. The BaTiO3
layer described in Ref. 4 has been used as a substrate for
off-axis sputter deposition of a 90% a-axis film, and Ref. 6
reports use of [110] oriented CeO; on Si (100) to nucleate a-
axis material.

Little has been done so far to asses the impact of these
buffer Jayer oxides on the electronic properties of the silicon,

0921-4534/91/303.50 © 1991 - Elscvier Science Publishers B.V. All rights reserved.
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however, there is no evidence for Zr induced deep levels in
Si.1! Time will delineate which buffer layer systems are
most practical in applications.

3. Applications

Applications are at the inception stage. Silicon offers
some unique patterning capabilities. Self-aligned in-situ
patterning may be done by removing the buffer layer in
selected areas prior to YBCO deposition to produce
clectrically isolated superconducting YBCO mesas.8
Similarly, deeply etched silicon features can define edges of
YBCO constrictions. 12

Well established techniques for producing ~ 1 pm
supported silicon membranes!3 make YBCO/Si attractive for
transition edge membrane bolometers operating in the far-

infrared (210 um).14 Voltage noise measurements on
YBCO/YSZ/Si in the transition indicate approximately
Johnson noise limited behavior.15

The YBCO/buffer-layer/Si bilayer is readily modified to
perform capacitance voltage characterization. C-V data on
YBCO/YSZ/Si indicates low leakage and possible usage as a
gate or interconnect structure. 16 The density of interface
traps at the YSZ/Si interface is about 3x1011 /eVem?2 at
midgap, and the ionic conduction properties of the YSZ layer
are largely frozen out at 77 K.

The normal state conductivity of YBCO/Si may be
utilized for lattice matched metallization of epitaxial
ferroelectrics on silicon for nonvolatile memories and related
applications which operate at room termperature. Recent
demonstration of bismuth titanate/YBCO heterostructures on
silicon with hysteretic remanence of 0.7 - 1.2 uC/cm2 and a
coercive field of 80 to 100 KV/cm has been reported. 17

Contact schemes for electrical connection of the YBCO
layer to the Si substrate have currently taken two forms. (1)
Conducting buffer layers, 18 and (2) metal overlayers
contacting the Si through vias opened in the buffer layer. All
of the conducting buffer layers (indium tin oxide, RuQ; and
CoSiy) are currently non-epitaxial and therefore do not yield
satisfactory Jc and are not listed in Table 1. The second
technique should be adaptable from techniques employed for
low temperature CMOS designs.

4. Summary

This report has summarized current results germane to
the area of YBCO-silicon monolithic structures. We
acknowledge support from AFOSR (F49020-89-C-0017).
DKEF is an AT&T scholar.
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A novel technique exploiting the severe chemical reaction between Si and YBa,Cu 0, _4
(YBCO) has been developed for patterning epitaxial YBCO films in situ. Patterning is
achieved by etching features in epitaxial YSZ on Si(100), and then depositing a final layer of
YBCO; the material which grows on the exposed Si is insulating. Linewidths down to 3

pm have been demonstrated with a zero resistance critical temperature (T,.) of 86 K and a
transport critical current density of 1.6 10° A/cm? at 77 K. 45° and low-angle twist

grain boundaries occur under some circumstances but can be eliminated by regrowing 20 A
of homoepitaxial YSZ on the surface prior to YBCO growth. Si diffusion in insulating
portions has been characterized by x-ray photoemission spectroscopy, indicating vertical

diffusion through the film.

It has been established for over two years' that the
reaction of Si with YBa,Cu,0, _ ; (YBCO) is severe. This
causes YBCO/Si thin films to have reacted interfaces’ and
has slowed progress in growing high quality YBCO thin
films on silicon substrates.’ With the growth of high qual-
ity YBCO on Si now possible,* this reaction can now be
exploited to react selected areas of the YBCO film to
achieve in situ patterning. The reaction of Si with YBCO
not only destroys the superconductivity, but renders it in-
sulating as well. The idea for patterning YBCO with Si was
originally practiced by Ma et al.* who used patterned Si on
MgO substrates; by using a post-deposition anneal treat-
ment at 980 °C, lines down to 2.5 um were defined having
a transition temperature (T,) of 76 K and a critical cur-
rent density (J,) of 300 A/cm? at 75 K.

Recently, we have shown that in situ patterning is fea-
sible at a much lower temperature, 750 °C, and results in
electrically isolated features on Si substrates with a zero
resistance 7.~86 K and J. = 1.6 10° A/cm? at 77 K.
One principle advantage of this technique is that fully op-
erational planar devices such as bolometers, delay lines,
and weak link structures such as substrate step edge super-
conducting quantum interference devices (SQUIDs) can
be produced without subjecting the YBCO film to wet
chemical etchants, photoresist, or solvents. This may be of
particular benefit in the case of ultrathin films or structures
mounted on thin substrates, such as membrance bolome-
ters.

Our process consists of growing an epitaxial yttria-
stabilized zirconia (YSZ) film on Si(100) by pulsed laser
deposition as described in Ref. 6, removing selected areas
of the YSZ film by Ar* ion milling, and then laser depos-

*'Present address: Physics Department, Washington University, St. Louis,
MO 63130.

iting a layer of YBCO. This process is illustrated in Fig. 1.
Figure 2 shows a scanning electron micrograph of a 3-um-
wide line reaction patterned into a 40U A YBCO film. The
desired pattern is defined lithographically in positive pho-
toresist. The Ar* ion milling procedure uses a Kaufman
ion source operating at 500 V. The sabstrate holder is wa-
ter cooled during milling. The etch rates of Si and YSZ
were determined by profilometr; to be 40 and 20 A/min,
respectively. An advantage of this process is the formation
of a mesa structure isolating the patterned YBCO features
from the possibility of lateral Si diffusion.

Prior to this work, little effort existed investigating the
influence of surface preparation on the epitaxy of YBCO
on YSZ. This work reveals that an in situ grown YSZ
surface is in many respects an ideal growth surface for
YBCO. Our first attempts to produce high quality in situ
patterned YBCO films produced films with the ¢ axis nor-
mal to the substrate, however, the electrical properties
were degraded due to the presence of 45° angle twist grain
boundaries and other low-angle twist boundaries. These
grain boundaries never developed when YBCO/YSZ/Si bi-
layer films were processed entirely in situ without interrup-
tion between the YBCO and YSZ depositions.* The ho-
moepitaxial growth of a thin ~20 A layer of YSZ just
prior to YBCO growth removes the unwanted twist bound-
aries, and greatly improves the critical current density.

Characterization of this effect was performed by taking
x-ray diffraction phi scans of the YBCO {103} peaks. This
measurement reveals the in-plane epitaxial arrangement of
the c-axis oriented YBCO grains. Figure 3(a) shows a phi
scan of a 300 A YBCO film grown on a YSZ/Si substrate
which had been removed from the deposition system to
have features ion milled into the 1500 A YSZ film. After
returning the substrate to the deposition system, a 20 A
YSZ layer was grown in situ moments prior to the YBCO
deposition. The in-plane orientation is YBCO (110) par-
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FIG. 1. Scheme of the YBCO reaction patterning process.

allel to YSZ (100). For comparison is curve (b), which
shows the same type of scan for a film which lacked the 20
A YSZ layer, but was otherwise identically prepared. The
additional peaks correspond to three additional grain ori-
entations, one rotated by 45° so that YBCO (110) is par-
allel to YSZ (110) and two low angle grain boundary ori-
entations at ~ = 8.0° from the above.

There are several possible causes for the nucleation of
multiple in-plane orientations. One influence is thermally
induced inelastic strain in the YSZ; the relative thermal
expansion of YSZ and Si produces a strain close to the
elastic limit of YSZ.® Another influence is poisoning by
processing chemicals; ~ 2.5 times more carbon appeared in
x-ray photoemission spectroscopy (XPS) spectra of YSZ
films which were exposed to photoresist and rinsed with
acetone, compared to films taken directly out of the depo-
sition chamber. Twist boundaries with the same orienta-
tions reported here also result from YBCO growth on
single-crystal YSZ substrates, suggesting a homoepitaxial
YSZ layer as a solution in that case as well.

The electrical properties improve substantially with
the removal of twist boundaries. Figure 4 shows resistivity
versus temperature data for an in situ patterned YBCO line
3 um wide and 1.5 mm long. This film lacked any detect-

F— 10um

FIG. 2. SEM micrograph of a 3 um reaction patterned YBCO microstrip.
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FIG. 3. ¢ scan of the {103} family of peaks of two 300-A-thick reaction
patterned YBCO films on Si with YSZ buffer layers. For curve (a) dep-
osition included a 20 A YSZ homoepitaxial layer prior to YBCO depo-
sition whereas the film in curve (b) did not.

able twist boundaries, and had a resistivity at 300 K of
~230 p£) cm; this is comparable to the resistivity of laser-
deposited films’ on SrTiO; and single crystals.® The tran-
sition width is ~ 1 K wide, and the normal-state resistivity
extrapolates to positive temperatures, as is typical of many
of our films on Si. Higher normal-state resistivity (450
1 cm at 300 K), and a lower T (83 K) for the micro-
strip containing twist boundaries manifest the disrupted
current path. The twist boundaries also had a pronounced
effect on the critical current (J.); using a voltage criterion
of 0.75 uV/mm, J, of the film without twist boundaries
was 1.6 10° A/cm? at 77 K, whereas a comparable film
with twist boundaries had a J, of ~ 1 10® A/cm? at 60 K.
The electrical isolation of unconnected YBa,Cu;,0; _, me-
sas at 23 °C was greater than 20 MQ for all of the films we
tested, however. It is impossible to tell whether the leakage
current is occurring across the reacted surface or through
the YSZ. Separate measurements indicate that the YSZ
isolates the YBCO from the Si by between 5 and 50 MS)
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FI1G. 4. Resistance vs temperature for a reaction patterned YBCO line on
YSZ on Si. The line was 3 um x 1500 um x 400 A.
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FIG. 5. X-ray photoemission spectra showing Y 34 and Si 2s lines for 300
A YBCO films grown on Si, 20 A YSZ on Si, and 400 A YSZ on Si by the
method in Ref. 4. The upper two spectra are representative of the insu-
lating material which isolates superconducting structures. The bottom
curve is typical of a fully superconducting YBCO film on Si.

presumably this leakage is due to pinholes resulting from
laser-ablated YSZ fragments. Although this isolation is low
compared to what is required for many semiconductor ap-
plications, it is well suited to many superconductor appli-
cations.

The need to prepare the YSZ surface with an addi-
tional 20 A YSZ raises the question as to how this influ-
ence. Si diffusion in areas where an insulator is desired. To
gain a rudimentary understanding, we performed XPS of
Si, Y, Ba, and O for 300 A YBCO films’ on Si (100) at
750°C with and without a 20 A intermediate YSZ layer.
The electron escape depth is much less than 300 A, hence,
assuming uniform coverage, this measurement s sensitive
only to diffused Si intermixed with Y, Ba, and Cu. Figure
S shows the Y 34 and Si 2s spectra taken for these two
films in addition to a spectrum for a typical superconduct-
ing 300 A YBCO film grown on a 400 A YSZ buffer layer.
The reacted films show a substantial Si component,
whereas the superconducting film shows no detectable Si.

The Y 3d peaks in the two upper curves of Fig. 5 are
shifted ~ 2.9 eV to higher binding energy with respect to
Y 3d in the bottom curve. This shift is attributable at least
in part to charging as determined by analysis of the adven-
titious C 15 peak in all three films; the shift to higher bind-
ing energy is attributable to the reacted film's insulating
rather than metallic nature. These resuits, combined with
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the electrical isolation measurements, demonstrate that the
20 A YSZ layer is too thin to permit coverage, and hence
does not prevent the YBCO Si reaction. We have used the
splitting of the O 1s and Ba 3d;,, peaks observed by Chang
et al.'® in superconducting YBCO films as a further indi-
cation that superconducting material is absent in the re-
acted films. We note that splittings were observed only for
the film in the bottom curve of Fig. 5.

In summary, epitaxial YBCO films have been pat-
terned in situ by a novel Si-YBCO reaction process. Isola-
tion of unconnected, unreacted areas of the film is provided
by the insulating nature of the reaction products, and by
the elevated mesas supporting the superconducting por-
tions of the film. With the proper surface preparation, the
dc superconducting properties of these patterned films can
rival the best unpatterned films on Si and other substrates.

We thank G. A. N. Connell for useful discussions, and
Richard Johnson, Lars-Erik Swartz, and Zan Matsumoto
for technical assistance. This work benefits from AFOSR
(F49620-89-C-0017). AMYV received support from NSF
(DMR-8822353). DKF is an AT&T scholar.

Note added in proof. We have used homoepitaxial YSZ on
single-crystal YSZ substrates to reduce the number of 45°
and low angle twist grain boundaries in YBCO films.
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Epitaxy of YBa,Cu,0, _ 5 (YBCO) on GaAs substrates has been demonstrated using epitaxial
buffer layers. Recently developed methods for growing epitaxial YBCO thin films on Si have
been adapted to achieve similar results on GaAs. MgO thin films were grown epitaxially on
GaAs at below 400 °C. This layer provides a suitable template for the growth of YBCO or
YBCO on BaTiO;. All materials are deposited in situ by pulsed laser deposition in a single
growth process. The in-plane crystallography of MgO on GaAs is [100] parallel to [100).
accommodating a lattice mismatch of — 25.5%. Zero resistance at temperatures as high as 87
K and transition widths as narrow as 1.5 K are reported. Critical current densities as high as
9% 10° A/cm? at 4.2 K and 1.5 10° A/cm? at 77 K have been measured.

Recent advances in the epitaxial growth of
YBa,Cu;0, _ ;5 (YBCO) on silicon substrates'™ have been
unmatched by progress on other tetrahedral semiconduc-
tors. Ironically, the favorable surface resistance of YBCO
films in the 10-35-GHz regime may best be exploited in
combination with GaAs circuitry, not with silicon. Adap-
tation of YBCO epitaxy to GaAs substrates may offer the
best possibility of millimeter-wave hybrid electronics. This
report narrows the gap between progress in growing epi-
taxial YBa,Cuy0,_,; (YBCO) on silicon and epitaxial
YBCO on GaAs.

Si and GaAs both react readily with YBCO to form
insulating products. Prior reports of superconducting
YBCO on GaAs have employed buffer layers of CaF,,’
AlGaAs,® indium-tin-oxide,’ A1203,8 yttria-stabilized zir-
conia (YSZ),? or YSZ on Si3N4'° as buffer layers. Where
critical currents are reported, they have been low in com-
parison to typical YBCO films on oxides and silicon, due
presumably to lack of epitaxy, but possibly also due to
residual interdiffusion and arsenic contamination. Re-
ported zero resistance temperatures were about 85 K and
below. As with silicon, high quality YBCO on GaAs re-
quires a suitable epitaxial buffer layer material, in addition
to the contro! of interdiffusion and contamination.

Our laser deposition processes for making epitaxial ox-
ides on silicon'? have recently been tested on GaAs sub-
strates with the result that both MgO and YSZ may be
grown epitaxially on GaAs under similar growth condi-
tions; process details are reported separately.'’ We believe
epitactic growth on the other tetrahedral semiconductors
should also occur. These two bufler layers should permit
epitaxy of a wide range of superconductor and ferroelectric
materials on semiconductors. Laser deposition is a power-
ful technique for exploring new epitaxial systems, but as
noted earlier, other techniques are also expected 10 work.?
Recently, the MgO process has been extended to electron-
beam evaporation.?

*'Currently at Materials Research Laboratory, Fuji Xerox Co. Lud.,
Kanagawa, Japan.
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One feature of GaAs that is an immediate improve-
ment over silicon is its larger thermal expansion constant.
This lowers the thermally induced biaxial stiess in the
YBCO layer, making thin-film fracture less likely. The
thermal expansion constants of Si, GaAs, and YBCO are
3.8%107% 8.4 1075 and 16X 10~ ¢/°C, respectively;"
the YBCO value refers to the a-b plane. No evidence of
fracture was observed in 100-nm-thick YBCO films on
GaAs examined by scanning electron microscopy (Fig. 1),
regardless of the type of buffer layer. On silicon, fracture is
common for thicknesses above 50 nm." The type of buffer
layer impacted the YBCO morphology (Fig. 1). With a
YSZ buffer layer, ~500-nm intergrowths roughened the
surface, possibly due to interdiffused Ga or As atoms. MgO
and BaTiO;/MgO buffer layers produced mirror-like
YBCO films. The additional BaTiQ, layer did not improve
the YBCO morphology or other properties unlike in
YBCO/BaTiO,/MgAl,0,/5i* and YBCO/BaTiO,/MgO/
Si.2 All the YBCO films were grown in 200-mTorr O, at
about 700 °C.

The volatility of arsenic in GaAs makes it imperative
to deposit the initial barrier layer at temperatures below
~ 600 °C. MgO is particularly suited to this purpose; Ya-
davalli e al.'* have shown that MgO epitaxy can be carried
out down to — 133 °C (1/20th the absolute melting point)
and our work has shown that MgO homoepitaxy on Si’
and GaAs'' can be carried out below 300°C. Once the
MgO layer is in place, it caps the top surface of the wafer,
and subsequent layers can be deposited at temperatures
above 600 °C. Although YSZ may be grown epitaxially on
GaAs, the higher growth temperature and possibly poor
barrier effectiveness make it a less suited material than
MgO. Other attempts to use YSZ as a buffer layer pro-
duced material with zero resistance at 73 K.° CeO, was
similarly ineffective as a diffusion barrier, and reacted vis-
ibly with the substrate.' The remainder of this paper will
concentrate on MgO buffer layers.

Epitaxy has been characterized by four-circle x-ray
(Cu K_) diffraction (XRD). Figure 2 shows a coupled
on-axis (6-28) x-ray scan of a YBCO/MgO/GaAs (001)
bilayer. Only the (001) reflections of MgO, YBCO, and
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FIG. 1. SEM images of 100-nm-thick YBCO films on YSZ/GaAs, BaTiO,/MgQ/GaAs, and MgO/GaAs. The thicknesses of the MgO, YSZ, and

BaTiO layers are all approximately 50 nm.

GaAs are visible. Rocking curves in omega characterize
the tilt of grains away from the substrate normal. An over-
lay of w-rocking cu-ves of the YBCO (006), MgO (002),
and GaAs (004) reflections appears below in Fig. 2. The
resolution of the difiractometer is determined from the
GaAs (004) reflect: + (o be about 0.2°. The 1.0° rocking
curve width (full width at half-maximum) of the MgO film
indicates highly oriented material with some residual tilt
disorder. Rocking curves as narrow as 0.74° were obtained
on GaAs (001) substrates polished 10° off towards [110}.
The narrower rocking curve in this case supports the ledge
growth mechanism proposed earlier for alkali halides'* and
MgO.'* The YBCO orientation on vicinal GaAs was
shifted toward the surface normal, in agrecement with the
observations of Streiffer et al.'® The YBCO and MgO rock-
ing curve widths were correlated in a series of films on
nonvicinal GaAs indicating that improved crystallinity in
the MgO layer is expected to carry into all subsequent
layers. An additional buffer layer of BaTiO; between
YBCO and MgO widened the YBCO rocking curve, sug-
gesting that disorder was cumulative.

On-axis x-ray diffraction it is not a rigorous demon-
stration of epitaxy. In the present work, epitaxy has been
verified by off-axis phi scans of the MgO (202), BaTiO;
(202), and YBCO (103) reflections with the phi axis
normal 10 the plane of the film. The in-plane epitaxial
relations are YBCO[100}||MgO(100}|GaAs[100] or
Y BCO[100)||BaTiO,[100]{|MgO{100}}|GaAs[100j, i.c., all
interfaces are cube-on-cube. The direct lattice mismatch
between MgO and GaAs is ~ 25.5%, however, in a ratio
of 4:3, MgO and GaAs are practically commensurate, with
a mismatch of only 0.65%. Transmission electron micros-
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FIG. 2. X-ray diffraction coupled 26 scan (10p) of a 100-nm YBCO film
on 50-nm MgO on GaAs (001). The substrate has been tilted shghtly to
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FIG. 3. Critical current density vs temperature for 100-nm YBCO films
on MgO/GaAs and BaTiQ,/MgO/GaAs.

copy has revealed smooth, unreacted interfaces between
MgO and GaAs."

The temperature dependence of resistivity in the nor-
mal state is metallic with resistance extrapolating to zero.
We have obtained zero resistance at temperatures up to 87
K, and transition widths (10% to 90%) of about 1.5 K.
Critical currents has been measured by dc transport on
50-um-wide excimer laser patterned lines using a voitage
criterion of 1 uV/mm. Gold pads were evaporated to pro-
vide contact to the sample. The temperature dependence of
J. in two types of films is shown in Fig. 3. The critical
current density was higher in the YBCO/MgO bilayers
than in the YBCO/BaTiO;/MgO trilayers, in agreement
with other figures of merit, such as rocking curves. J, was
about 10° A/cm? at 77 K and 9x 10° A/cm? at 4.2 K in
the best film measured. The magnitude of J_ is slightly
lower at all temperatures than what typifies high-quality
YBCO films on oxides and silicon. In addition, the room-
temperature resistivity is typically a factor of 2 or more
higher (500-900 ;) cm) than optimum values. This is
likely to be caused by contamination from As,0,; coming
off the back and sides of the GaAs chip during YBCO
deposition. The edges and backside of all wafers with
YBCO films are darkened from As loss, and the surround-
ing holder accumulates a whitish oxide. At the highest
YBCO deposition temperatures, this causes a visible dete-
rioration of the YBCO around the edges where the As,0,
flux is presumably highest. There is no indication of As,0,
loss where the GaAs is capped by MgO, suggesting that
optimum film quality should require at worst, a modifica-
tion of the GaAs handling to cap the free surfaces of the
chip.

In summary, we report a substantial improvement in
the crystal quality and transport properties in YBCO films
grown on GaAs by using an epitaxial MgO buffer layer.
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Interdiffusion and arsenic loss are prevented by an epitaxial
layer which may be grown at temperatures as low as
300 °C. Modification of the process to cap the entire chip
against arsenic loss should produce further improvement in
the film properties. The effects of thermally induced stress
are significantly reduced in comparison to the effects on
silicon. MgO is the first epitaxial oxide demonstrated on
GaAs, and should therefore provide a basis for a varicty of
interesting heterostructures.
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Control of the in-plane epitaxial alignment of c-axis YBa;Cu3;Oy4 (YBCO) films on
yttria-stabilized zirconia (YSZ) substrates is necessary for achieving optimal transport
properties. We have used pulsed laser deposition to grow homoepitaxial YSZ and
beteroepitaxial CeO; on YSZ single crystal substrates. This procedure dramatically
improves the epitaxy of YBCO and reduces the number of low and high angle grain
boundaries. We have also studied the effects of preparing the YSZ growth surface with
approximately monolayer amounts of CuO, Y,0;, BaO, and BaZrO, 10 determine the
effects these compositional variations have on the subsequent YBCO epitaxy. CuO,
Y203, and BaZrO; induce an in-plane crystallography of YBCO distinct from that
initiated with BaO. Both homoepitaxy and monolayer depositions may be carried out
in situ and are simple and effective for controlling the epitaxy and electrical properties
of YBCO on YSZ. The effects of substrate temperature, oxygen pressure, and yttria

content have also been studied.

I. INTRODUCTION

Microelectronic applications require thin films of
the high temperature oxide superconductor YBa;CuyO1.y
(YBCO) to be capable of carrying large critical current
densities on readily available substrates, Excellent films
with critical current densities (J.) > 10° A/cm? at 77 K
can be produced on lattice matched substrates such as
StTiO;, L2AlOs, and LaGaOs over a wide range of
growth conditions. These substrates, however, are expen-
sive and are frequently available in diameters no greater
than 2 inches. Some are twinned, resulting in dielectric
anisotropy, or bave unacceptably large losses. Excelleat
YBCO films have been produced on MgO which is rela-
tively inexpensive but mechanically fragile and difficult
to polish. Buffer layers have made sapphire substrates
viable for high quality thin film growth!-}; however, the
small thermal expansion constant of sapphire appears
t0 cause microcracking in multilayer structures,® and
sapphire has an inherent dielectric anisotropy due (o its
rhombobedral symmetry.

Due to its mechanical streagth, chemical stability,
and low cost, yttria-stabilized zirconia (YSZ) bas become
a popular single crystal substrate for films of YBCOQ.>10
YSZ has also been identified as an effective epitaxial
buffer layer for producing YBCO films with high critical

current densities on Si'''? and on sapphire.? Polycrys-
talline YSZ ceramics are being studied as potential
substrates for YBCO tapes, i.c., for power leads.!® Poly-
crystalline YSZ thin films bave been used as buffer lay-
ers for the deposition of YBCO on metallic substrates.!
YSZ substrates may provide a cost effective alternative
in a variety of electronic applications. YSZ is an ionic
conductor, hence the dielectric constant and loss tangent
increase rapidly above 300 K; at temperatures of interest
for high-T. superconductors, below 100 K, YSZ is a
low-loss dielectric.'® YBCO and YSZ are dissimilar in
their crystal structures and in their lattice constants.
This appears to explain the feature that epitaxial c-axis
films grown on YSZ are frequeatly polycrystalline and
have several in-plane orientations. This texturing on
YSZ has been observed by several groups. 391916 Under
some circumstances, it has been possible to produce
critical current densities in excess of 10° Afcm? at
77 K; however, these results have not always been
reproducible. This paper reports ways to control and
understand the texturing in order to reliably produce
films with large J,.

The reduction of J. at a tilt or twist grain boundary
in YBCO has been studied and reported extensively.
Dimos ef al.'? grew post-annealed thin films on SrTiO,
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bicrystals and showed that the J, between misoriented
grains decreases inversely with the misorientation angle
for small angles, saturating at a value of about 1/50 for
large angles. Recently, Ivanov ef al.'® have shown that in
in situ processed c-axis YBCO films on YSZ bicrystals,
the J. at 77 K varies from ~1-5 x 10° A/cm? at 0° tilt
to ~1.2 x 10° Afcm? at 40° tilt. This study by Ivanov
et al. is more closely related to this work both in the
synthesis route and in the results obtained. The work
reported by Garrison et al.'® is the only prior study of
study of J, in a large number of YBCO films on YSZ
with various amounts of texturing. Those results show
definitively that in the films studied, texturing can lower
J. by almost four orders of magnitude. Although it may
not be possible to infer the J. of a film solely from its
texturing, since otber factors such as the oxygen content
and intragranular defects also impact J,, control of the
texturing is a vital issue. Texturing is also likely to have
an impact on the high frequency properties, electrical
noise, and aging behavior of high-T, films in addition to
impacting J.. Char ef al.? and Laderman ef al.!® bave
related the density of high angle grain boundaries to
microwave surface resistance losses in YBCO films on
SrTiO; buffered sapphire and on MgO single crystals,
respectively.

In c-axis oriented films on YSZ, epitaxy may occur
with the YBCO g-axis parallel to the substrate (100) or
(110) directions, causing 45° grain boundaries. In addi-
tion, YSZ frequently supports epitaxy with the YBCO
a-axis making an angle of ~9° with the substrate (100).
The YBCO unit cell is tetragonal during growth., The
twioning which occurs as a result of the orthorhombic
transformation during cooling introduces displacements
and distortions which are small in comparison to the ef-
fective displacements of grain textures described above.
Methods to identify the in-plane epitaxial orientations are
well established.’*4° Both x-ray diffraction phi scans
(pole figures) and planar view transmission electron
microscopy (TEM) are effective. Methods to characterize
the effect of the texturing on the electrical properties
are well established and several studies exist.29-1116-20
Finally, it is essential to understand how (0 control the
texturing of YBCO on YSZ, MgO, and other substrates
with poor lattice maich or dissimilar crystal structure to
YBCO. This paper is aimed at such an understanding.
The ultimate applicability of the high temperature oxide
superconductors rests beavily on our ability to grow ma-
terials in desired ocientations. Among those working on
these problems, the term “grain boundary engineering”
is being used frequently to describe the ability to alter
locally or globally the crystal orientation of epitaxial
layers. Our investigation has concentrated on YSZ sub-
strates where little work has beea carried out previously,
excluding artificially induced grain boundaries through
the use of bicrystals.'®

Although the details of the interface bonding be-
tween YBCO and YSZ are not understood, it is known
that the relative amounts of the three identified c-axis
configurations on YSZ (001) are easily perturbed by
factors such as deposition temperature, pressure, stoi-
chiometry, and the substrate surface preparation. Re-
cently we reported that epitaxial YSZ grown on Si
(001) by pulsed laser deposition supports epiiaxy that is
virtually free from 45° and low angle grain boundaries
when the YBCO is grown in the same run as the
YSZ." Under those circumstances, the YBCO grows
with the a-axis parallel to YSZ (110). Later, we reported
that if the YSZ/Si films are removed and processed to
make YSZ/Si mesa structures, the surface of the YSZ
is altered in such a fashion that both 45° and 8-9°
grain orientations result.!® This problem was solved
by growing a thin (~2 nm) layer of homoepitaxial
YSZ on the processed YSZ surface prior to the YBCO .
film deposition. These results suggest (1) that the YSZ
surface is easily altered, and (2) that only the in situ
prepared YSZ surface has ideal properties for supporting
epitaxy without texturing.

The nucleation of epitaxial grains in favor over
nonepitaxial randomly oriented grains occurs in general
due to the lower enmergy of the epitaxial configura-
tion. In the case of YBCO oa YSZ, the appearance of
three, often coexisting, epitaxial configurations implies
that the differences in total energy among these states
are small and/or the kinetics are too limited to allow
the configuration with the Jowest total energy to grow
exclusively, as would be the case in thermodynamic
equilibrium. With energetic and/or kinetic limits ca the
growth, the order in which the overlayer constituents
arrive on the substrate surface can become important
in determining the epitaxial configuration, as we shall
demonstrate below. '

The observation of three principal textures in c-axis
oriented YBCO films on YSZ substrates leads to the
question of what processes govem their occurrence. The
different in-plane orientations might be attributed to film
growth originating with different cation layers of the -
YBCO unit cell. This is a testable conjecture. YBCO has
four distinct cation layers normal to the c-axis, i.e., CuO,
planes, CuO chains, BaO, and Y. These layers differ in
their oxygen lattices, bond lengths, atomic sites, etc. (see
Fig. 1). In most YBCO film deposition techniques, all of
the coastituents arrive simultaneously. The cation layer
that resides at the substrate-film interface must separate
from the other constituents. Streiffer er aL?' have used
image simulations of transmission electron micrographs
of the YBCO/MgO interface to infer that Cu-O chains
and BaO layers initiate the interface. Part of the present
study is directed at understanding the effects of initiating
the epitaxial growth with a flux composed of only one
of the three different metal oxides on the YSZ surface.
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FI0. 1. The crystal structures of YSZ, YBCO, and {001} plan
views of single layer slices of each structure. The YSZ unit cell is
an idealized Buorite structure which does not illustrate the Yat,,
substitutions or the V.. vacancics. In the case of YBCO, the Gi0;
plane layer is shown in plan view. Forthe ¢ = 0° odentation, 1.5 YSZ
unit cells coincide with 2 YBCO unit cells. Inthe ¢ = 45° orientation,
the oxygen sublattices are mismatched by about 6% when the (110]
and [100] directions of the respective crystals are colinear.

This is done in an effort to eliminate as much as possible
the role of diffusion in determining the cation layer at
the substrate film interface.

Substrate film reactions, if sufficiently rapid, may
also play a role in directing or disrupting heteroepitaxial
alignments. Tietz ef al” have reported the occurrence
of a reacted interfacial layer between YBCO and YSZ,
and have provided evidence that the material is BaZrO;s.
Cima et al.2 have shown that BaZrO, is a stable end
product of the reaction of YBCO with YSZ at 950 °C.
To understand better how a BaZrO, interfacial layer can
influence the orientation of YBCO on YSZ, we bave
grown layers of BaZrO, on YSZ prior to depositing
YBCO. This experiment is important in trying to dis-
tinguish whether the Ba doped interface initiates YBCO
growih with its Ba layer or whether it reacts to form other
compounds. It should be noted that this experiment has
as many variations as there are elements and compounds
that can be deposited onto the YSZ surface prior to
YBCO growth. We have explored several of the obvious

choices. Similar variations are possible for many other
film and substrate combinations.

Although studies of the control of YBCO texturing
on YSZ substrates other than Refs. 14 and 16 bave not
been reported previously, some work on MgO substrates .
has appeared and will be mentioned here. Texturing
of YBCO on MgO stems from the dissimilar crystal
structures and lattice constants, and bhas been noted
by numerous groups. Ravi ef al.? have looked at the
variety of grain orientations that appear and have shown
that some of the orientations agree well with a near-
coincident site lattice (NCSL) theory. The predominant
orientation, however, is not explained by an NCSL
theory. Eom? has observed that texturing of YBCO films
on MgO substrates is possible by carefully selecting
the deposition temperature. Moeckly ez al.® report that
high temperature treatment of the MgO substrate prior
to YBCO growth improves the texturing.

In related work on other substrates, Inam et al?
have demonstrated orientational control via the selection
of an appropriate buffer layer. They report that laser
deposited PrBa;Cu;0+4 (PBCO) nucleates YBCO film
growth with the g-axis normal to the substrate plane
on (100) oriented SrTiO; and LaAlO; substrates at low
temperature whereas YBCO alone does not nucleate
homogeneous g-axis growth. The PBCO layer then acts
as a template for the growth of g-axis PBCO or YBCO.
Predictive understanding of these sorts of empirical -
observations is largely missing in the field of epitaxial
oxide film growth and would be extremely useful. A
final example of techniques developed to control the in-
plane epitaxy of YBCO comes from the recent work
on bi-epitaxial grain boundary junctions,*??? wherein
45° grain boundaries are produced along photolitho-
graphically defined lines by depositing seed and buffer
layers. This work shows considerable promise for high-
T. integrated circuits.

Il. EXPERIMENTAL PROCEDURES

YBCO films were deposited by pulsed laser de-
position with a rotating polygon source (Kurt Lesker
Co.) designed to accommodate up to ten different target
materials during a single deposition run. This allowed
us to modify the substrate surface with various materials
prior to depositing YBCO. The polygon rotates at S
to 10 Hz and is connected to a shaft encoder which
allows precise triggering of our excimer laser to ablate
from the appropriate target. The entire configuration is
controlled by a microcomputer. Successive runs with |
differeat materials could be carried out systematicaily
without alterations to the system aside from its software
control. The deposition sources available on the polygon
for these experiments included (Y;04)(ZrO;).. with
x =005, 0.09, and 030, CuO, Y;0;, Ba, BaZrO,,
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Ce0,, and a composite target of nominal composiu'on./

The same YBCO target was used throughout this study.
YBCO films =ere deposited on bare single crystal YSZ
substrates, or on single crystal YSZ substrates whose
surfaces had been modified with selected layers of the
constituents listed above ranging in thickness from ap-
proximately 0.3 nm up to approximately 60 nm. The
0.3 nm layers were an attempt to introduce approxi-
mately one monolayer of material at the growth interface
of YSZ and YBCO. No in situ characterization provided
detailed information about the coverage of these layers or
their thicknesses, which were inferred from depositions
of thicker films.

A 308 nra XeCl excimer laser generated energy dea-
sities of 2.0 to 2.5 J/cm? on the targets with each 17 ns
laser puise. The homoepitaxial YSZ depositions were
carried out in 0.4 mTorr background pressure of molec-
ular oxygen, as described previously.!® All other com-
pounds, including YBCO, were deposited in 200 mTorr
molecular oxygen with the exception of our study of
the pressure effects on the YBCO epitaxy. All substrates
used in this study were degreased in trichlorocthane and
followed by acetone, methanol, and isopropanol rinses
prior to film deposition. The substrates were heated to
690-710 °C with a quartz lamp heater for all studies
except for the effects of temperature. Studies of the
effects of homoepitaxial YSZ, CuO, Y30,, and BaO
were carried out using substrates supplied from Ceres
Corp. Studies of the effects of temperature, pressure,
YSZ composition, CeO;, and BaZrO; interfacial layers
were carried out using substrates supplied from Com-
mercial Crystal Labs. The nominal yttria conteat of all
YSZ substrates was 9 mole %.

X-ray diffraction was carried out using a Siemens
D5000 four-circle diffractometer with a CuK, source.
The primary axes of the fourcircle diffractometer are
depicted in Fig. 2. In-plane texturing of the YBCO films
was characterized by taking x-ray diffraction ¢ scans
of the YBCO {103} reflections with the ¢ axis normal
to the plane of the substrate. In this measurement, the
instrument is sensitive to a fixed d-spacing which is
nominally that of the YBCO ({103} planes. Movement
of the ¢ motor rotates c-axis aligned YBCO grains
nominally about the [001] direction; their position in
the plane is revealed by the value of ¢ for which they
satisfy the Bragg condition. Phi scans of the YSZ {202}
reflections were also taken to provide a crystallographic
reference. Both the YBCO {103} and YSZ {202} reflec-
tions are gathered with an approximate x angle of 45°.
Reflections from the two materials are distinguished by
their different 26 angles. The relative orientational angles
of film and substrate were measured directly from these
¢ scaos,

Critical current densities were determined from the
mutual inductance response, which was measured by

V,Qal Cu3 O

’

e ——— o ny
;:,‘ detector
: wﬁ\

FIG. 2. Fourcircle x-ray diffractometer geometry showing the prin-
cipal axes and their configuration for ¢ scan measurements. In-plane
texturing is determined by setting the 28 angle to the appropriste
angle for cither the YBCO {103} refiections or for the YSZ {202}
reflections, setting x and 6 to satisfy the Bragg condition (x = 45°
and § = 20/2) and rotating the sample in ¢ by 180° or more.

placing the unpatterned films between drive and pickup
coils in a fashion similar to Ref. 28. Resistivities and
zero resistance transition temperatures were measured
by the four-terminal resistance technique.

lil. RESULTS AND DISCUSSION

Figure 3 is a montage of x-ray diffraction ¢ scans of
the YBCO {103} reflections from selected films grown
in this experiment. This figure contains eight ¢ scans,
seven of which (a through f and h) are from the specific
layered structures indicated in the figure. The ¢ scans
collected on the four structures indicated by the arrows
converging on Fig. 3(g) were so nearly the same that the
data were merged into a single representative ¢ scan.
The transport properties and texturing data of some of
the films grown in this study appear in Table L

A. YBCO epitaxy on bare YSZ

Figure 3(a) is a typical x-ray diffraction ¢ scan
of the YBCO {103} reflections for a film grown on
a YSZ substrate supplied by Ceres Corp. without any
processing of the surface other than the degreasing
procedure used on all the substrates in this work. In
this and all other ¢ scans, the zero of the ¢ angle is
determined from the YSZ substrate. Three types of peaks
in the spectrum are discemible. The peaks at ¢ = 0°,
90°, etc. correspond to c-axis oriented YBCO grains
with the g-axis parallel to YSZ (100), i.e., cube-on-cube
epitaxy which will benceforth be referred to as (100) or
¢ = 0° material. Peaks at 0dd multiples of 45° manifest
c-axis YBCO with the g-axis parallel to YSZ (110),
benceforth referred to as (110) or ¢ = 45° material.
The third class of material is manifested by the broad
peaks forming satellites at an average of £9° about the
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FIG. 3. Collection of x-ray diffraction ¢ scaas of the YBCO (103} family of reflections for films grown on YSZ under the following conditions.
¢ = 0° was determined using the YSZ {202} reflection; bence the peak st ¢ = 0® manifests cube-on—cube oriented YBCO. () YBCO grown
on single crystal 9 mole % YSZ with no in situ alterations to the surface. (b) YBCO grown on ~0.3 nm of CuO on single crystal 9 mole % YSZ.
(c) YBCO grown on ~0.3 nam of Y;0; on single crystal 9 mole % YSZ. (d) YBCO grown ~0.3 nm of BaZrOy on single crystal 9 mole % YSZ.
(¢) YBCO grown oa ~0.3 nm of BaO on single crystal 9 mole % YSZ. (f) YBCO grown on 60 nm of 9 mole % YSZ grown on single crystal
9 mole % YSZ (g) This figure represents data takea on YBCO grown on either of (1) 60 nm CeO;, (2) ~0.3 nm of CuO on 60 nm 9 mole %
YSZ, (3) ~0.3 nam of Y303 on 60 nm 9 mole % YSZ, (4) ~0.3 am of BaZrO; on 60 am 9 mole % YSZ, all on single crystal 9 mole % YSZ
(h) YBCO grown on ~0.3 nm of BaO on 60 am 9 mole% YSZ on single crystal 9 mole % YSZ.

(100) peak. The grains corresponding to this material are
not tightly locked into this orientation, but are instead
responding to a “shallow potential.” The fraction of
the film composed of this third class of material varies
greatly from almost none to nearly 100%, depending
on the growth conditions. Keeping in mind that this
material is broadly distributed, we will refer to it as
¢ ~ 9° material.

B. Homoepitaxial YSZ buffer layers

The first set of film depositions on modified sur-
faces revealed the effect of preparing the YSZ substrate
surface with a homoepitaxial layer of YSZ prior to
depositing YBCO. Briefly, the effect is to reduce the
weak link bebavior by greatly enbancing the amount of
¢ = 45° material (see Table I). Figure 3(f) is a YBCO

{103} reflection ¢ scan of a film grown on a2 60 nm
layer of 9 mole % YSZ on a single crystal YSZ substrate
supplied by Ceres Corp. Compared to Fig. 3(a), this scan
shows a drastic reduction of the ¢ = 0° and & ~ 9°
components, which formed the dominant fraction of
the YBCO film without the homoepitaxial layer. This
result is in agreement with earlier results obtained on
single crystal YSZ thin films on Si,'® bowever, with
the important difference that thicker layers of YSZ
were required to produce films with mostly ¢ = 45°
material. In Ref. 16, 2 nm of homoepitaxial YSZ on
Si produced approximately the same effect as 60 nm
on YSZ in this work. When we perform the same
experiment on single crystals of YSZ with only 10 nm
of YSZ film, mixed texturing still results, albeit with
a larger ¢ = 45° component. This effect indicates that
the features of the substrate which promote ¢ = 0°
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TABLE L Layering, texturing, and transport properties of films generated in this work

f————————— —————
YA T, AT, (100 K)
Sequence ¢ xcan $=0%¢=45* §~9/¢=45 (A/em)) ) x) ro/pe  (ficm)
YBCO/YSZ Fig. ¥s) 41 40 16 x 10 87.0 25 EX] 97
YBCO/10 am YSZ/YSZ .e- 028 051 43 x 10 28.0 15 29 107
YBCO/60 om YSZ/YSZ Fg 30 0014 0.16 25 x 10° 894 08 29 8t
YBCO/0.3 am CuO/YSZ Fig. 3() 047 21 22 x 10* 88.6 19 23 107
YBCO/0.3 am Y,0,/YSZ Fig. 3(c) 0.19 1.0 312 x 10 .
YBCO/0.3 um BaZr0y/YSZ Fig. 39 0.02 . 19 x 10°
YBCO/0.3 am BaO/YSZ Fg. 3(¢) 039 L1 64 x 10° 884 13 21 147
YBCO/\%JZ“ CvO/60 nm Fig. 3(g) 0.017 < 0.007 23 x 10¢ 388 0.7 33 7
YSZ
Ynczoyo.a am Y,0; /60 nm Fg. M) 0.0015 0.008 9.6 x 10° 888 11 36 66
Ysz/Ysz
YBCO/0.3 nm BaZ:O, /60 nm Fig. 3(s) 0.0029 19 x 10*
YBCOIL})J om BsO/60 om Fig. 3(0) 11 3. 96 x 10°
Ysz/ysz
YBCO/60 am Ce0y/YSZ Fig. Xg) 0.0016 < 0.001

and ¢ ~ 9° orientations are not immediately buried but
instead require some thickness to heal out. We have
duplicated this result several times on substrates from
Ceres Corp. and from Commercial Crystal Labs. The
latter bave a larger ¢ = 0° component at low coverages.

The nature of the interface modification resulting
in the improved texturing remains unclear. The effect
we observe with homoepitaxial YSZ has a variety of
possible origins. Possible changes to the surface include
morphological alterations such as better flatness, or the
opposite, i.e., the generation of steps, screw dislocations,
and other features. There are plenty of examples of
how surface topology can influence epitaxy. The step
morphology of silicon is critical to the epitaxy of GaAs
on Si, for example. The surface terminating layer of
YSZ (100) can contain either oxygen atoms Or zirconia
atoms. The surface dipole moment will depend on the
surface termination. We do not currently know whether
the homoepitaxial surfaces are terminated differently in
comparison to polished single crystals. The Y dopants
and oxygen vacancies are known to order in bulk YSZ,?
and there is the possibility that such an ordering is
playing a role in the subsequent YBCO epitaxy.

In the search for a cause of the effect described
above, atomic force microscopy (AFM) provided a
means to look for gross physical features that might be
respoasible. Our experiment coansisted of taking AFM
micrographs of polished YSZ substrates, YSZ substrates
that were thermal cycled in the deposition environment
to simulate the conditions prior to YBCO epitaxy,
and YSZ substrates on which either 10 nom or 60 nm
YSZ layers were grown All four types of samples
showed comparable morphology with a mean roughness
of 0.2 nm. This result points the cause toward a local,
possibly electronic effect, which is beyond the resolving
power of AFM.

C. YSZ buffer layers of varied yttria content

We have sought to make a preliminary demonstra-
tion of the effects of the YSZ composition on the
epitaxial behavior of YBCO on YSZ. The cubic
(Y103 )(ZrOy)1 - solid solution extends over a broad
range from approximately x = 0.09 to x = 0.30. Below
approximately x = 0.09, tetragonal and monoclinic
solid solutions start to appear.® The Y™ ions
situate substitutionally on the Zr** sites, and charge
neutrality requires one oxygea anion vacancy for every
two Y dopant atoms. The physical properties, i.e.,
ionic conductivity, plasticity, lattice constant, eic., are
functions of the Y,0, mole fraction; hence, an influence
on the YBCO epitaxy is to be expected. As single
crystals of various YSZ compositions were not available,
we grew approximately 60 nm thin films of YSZ with
the x =0.05 and x = 0.30 compositions on single
crystals with x = 0.09, and then deposited YBCO. The
x = 0.05 sample had a 90% ¢ = 45° texture, with the
remaining 10% divided between ¢ ~ 9° and ¢ = 0°
components. The x = 0.30 sample had a greater than
99% ¢ = 45° texture, indicating clearly that the higher
-Joping enhanced this orientation,
mele-Fraction
D. CeO; buffer layers

The above results show that homoepitaxial YSZ is
effective for removing 5 # 45° components of the c-axis
YBCO epitaxy on YSZ; CeO; heteroepitaxial layers on
YSZ also proved effective, and in addition have a closer
lattice match to YBCO in the ¢ = 45° orientation. The
mismatch of CeO, to YBCO at the growth temperature is
about 1% for this orientation, whereas for YSZ it is about
5.6%. As represented by Fig. 3(g), deposition of 2 60 nm
layer of CeO, on bulk YSZ prior to YBCO deposition
resulted in nearly 100% ¢ = 45° epitaxy. CeO; and
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YSZ are both fluorite structure oxicles; therefore it is not
surprising that we observe that CeO, grows epitaxially
on YSZ in a “cube-on-cube” fashion. Channeling on
pulsed laser deposited CeOz2 on YSZ suggested earlier
the likelihood of this epitaxial relationship,! as well as
the chemical stability of the YBCO/CeO; interface.

E. Cu- and Y-oxide seed layers

The next set of surface modification experiments
was aimed at determining the influence of initiating
the growth with approximate monolayer coverages of
CuO;, Y,0,, and BaO. The effects may be summa-
rized by saying that copper oxide and Y,0; promote
the growth of (110) ¢ = 45° material, and interfacial
BaO promotes the formation of the ¢ ~ 9° distributed
material. This series of experiments bears a relation to
those of Kanai et al.,>? who demonstrated the importance
of the initiating layer in the epitaxy of Bi—Sr-Ca-Cu-O
on StTiO;. While investigating laser molecular beam
epitaxial growth of (Ca, Sr)CuO; layers on StTiO;, they
observed that atomic layer growth was possible whea
the growth was initiated with SrO, whereas deposition
of Cu as the initial material under oxidizing coaditions
resulted in three-dimensional growth.

Figure 3(b) shows a YBCO {103} reflection ¢ scan
of a film prepared like that in Fig. 3(a) except for
having 20 pulses (~0.3 nm) of copper oxide deposited
oo the substrate surface prior to YBCO growth. We
observe more ¢ =45° material than in Fig. 3(a), where
the ¢ = 0° is the dominant orientation. A similar effect
was observed in the case where 20 pulses of Y,0;

wevewas deposited on the substrate surface prior to YBCO C

growth, as indicated in Fig. 3(c). Again, it is r that
more ¢ = 45° material than in Fig. 3(a) was induced by
the addition of Y305 to the interface.

Combination of this procedure with a YSZ homoepi-
taxial buffer layer consolidated the ¢ = 45° orienta-
tion almost completely. Figure 3(g) is representative of
{103} ¢ scans taken on YBCO films grown following
either 20 pulses of copper oxide on a 60 nm homoepi-
taxial YSZ layer or 20 pulses of Y03 on a 60 nm
homoepitaxial YSZ layer. In both cases, about 1% of
the scattering in the ¢ scans came from orientations not
at ¢ = 45°.

The x-ray results cannot reveal whether the initiating
copper-oxide and yttrium-oxide layers, which are by
intention the first arrivals at the YSZ surface, remain
at the interface or are exchanged with other species. The
results also cannot reveal the structure of the copper and
yttrium oxides should they remain at the interface, i.c.,
whether they are incorporated into the YBCO structure
or form a separate interface compound. Copper-oxide
epitaxy on YSZ bas not been reported; however, Y;0,
epitaxy on YSZ has been reported.”® Y,0; has the cubic

24
bixbyite (Mn,0;) structure which contajge”cubic fluorite
unit cells with vacant oxygen sites®’ Thick (10 om)
Y,0; layers were grown on YSZ on Si by Myoren
etal®? to provide a suitable buffer layer structure for
epitaxial YBCO. The crystallinity of their YBCO films
without the Y,Oj; layer was much poorer (Ba xpia = 0.6
instead of 0.06).

F. Ba-oxide seed layers

The results obtained by initiating YBCO growth
with BaO differed from the related experiments with
Y and Cu oxides. Figure 3(¢) shows a YBCO {103}
reflection ¢ scan of a film prepared like that in Fig. 3(a)
except for having 20 pulses (~0.3 nm) of barium de-
posited in an oxidizing environment (200 mTorr O;) on

. the substrate surface prior to YBCO growth. The ¢ = 0°

grains which are dominant in Fig. 3(a) are almost absent
in Fig. 3(e), and are replaced with ¢ = 45° and ¢ ~ 9°
material. Figure 3(h) shows a film prepared with the
same dose of barium oxide on a 60 nm homoepitaxial
YSZ layer. The film is composed entirely of the broadly
distributed ¢ ~ 9° material. This is to be contrasted
with the ¢ = 45° epitaxy characteristic of the analo-
gous experiments conducted with ytttrium and copper
oxides. This experiment makes clear that interfacial Ba
is involved in the nucleation of the ¢ ~ 9° material.
This experiment also nicely demonstrates the sensitivity
of the epitaxial texture to compositional fluctuations,
with a rotation of the material by 36° being induced by
approximately monolayer coverage of a species which
is deposited in about § s.

. BaZrO; seed layers

We have investigated BaZrO; interfacial layers in
response to the observation that BaZrO, is a stable,
interfacial end product of the reaction of YBCO with
YSZ.” BaZrO, has the perovskite structure, and thus
if grown as a thin layer, may support a chemically
stable, homogeneous epitaxial transition from YSZ to
YBCO. These experiments were carried out with sub-
strates supplied by Commercial Crystal Labs. YBCO
grown on these substrates without any treatment other
than degreasing produced films with a dominant ¢ = 0°
texture much like that indicated by Fig. 3(a). Addition
of 20 pulses (~0.3 nm) of BaZrQ;, in an oxidizing envi-
ronment resulted in transforming the texture to domipant—
¢ = 45°, as shown in Fig. 3(d). Inclusion of a 60 nm
homoepitaxial YSZ layer produced the same results
except for the removal of the ¢ ~ 9° grains, Fig. 3(g),

{\ and thicker BaZrO, produced the same ¢ = 45° texture

with 2 broader ¢ width. These intentionally deposited
BaZrO;, layers have a significant effect on the YBCO in-
plane texture, which is very different from the effect of -
the highly reactive BaO. When BaZsrO, forms reactively
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from

ith YBCO and YSZ, as has been observed by TEM, the

_” influence on the in-plane epitaxy is difficult to ascertain.

If the reacted layer forms immediately, there is the
possibility that it reorients the YBCO. If the reacted layer
forms only slowly, there may be little or no impact on
the in-plane texture since these layers may form after
several YBCO layers have grown, at which point the
in-plane texture is essentially fixed.

H. Temperature effects on YBCO epitaxy

The next set of film depositions revealed the textur-
ing trend as a function of temperature, YBCO films were
grown on YSZ at approximate substrate temperatures of
740, 660, 630, and 600 °C and ¢ scans of the YBCO
{103} reflections were taken as before. No treatment
of the YSZ surface was performed prior to the YBCO
deposition other than the degreasing procedure used for
all the substrates in this work. The YSZ was supplied
by Commercial Crystal Labs. Several epitaxial trends
developed with temperature. There was a monotonic
decrease in the fraction of ¢ = 0° oriented material as
the substrate temperature was lowered. The ratio of the
peak at ¢ = 0° to the peak at ¢ = 45° went from 1.9 at
740 *C down to 0.31 at 600 °C. In addition to becoming
more dominant, the ¢ = 45° orientation developed a
narrower rocking curve as the temperature was lowered.
Finally, the amount of broadly distributed material about
the ¢ = (° orientation was almost pegligible for the
lowest three temperatures. Since the experiments with
interfacial Ba reveal its role in geperating low angle
orientations, it is proposed that higher temperatures
promote the separation of Ba to the interface during
nucleation.

I. Pressure effects on YBCO epitaxy

A brief investigation into the effect of background
pressure on the epitaxial texture of YBCO on YSZ was
undertaken. YBCO thin films were grown directly on
polished bulk YSZ substrates supplied by Commercial
Crystal Labs at approximately 700 °C in 10 mTorr O,
and 400 mTorr O,. Three effects were observed. (1) The
amount of ¢ = 0° material increased with the increase in
pressure going from about 30% to about 70%. (2) There
was 00 ¢ ~ 9° material formed in 10 mTorr whereas this
accounted for about 15% of the film grown in 400 mTorr.
(3) The ¢ width of the ¢ = 45° and ¢ = 0° components
narrowed at the higher pressure. We note that even over
a range covering 140 °C in substrate temperature and
a factor of 40 in background pressure, the variation
of these growth conditions was insufficieat to produce
90% or larger dominance of a single orientation, unlike
several of the surface modification procedures detailed
above. This result has made us aware that seed lay-

ers deposited prior to YBCO are more effective for
controlling the YBCO epitaxy than is temperature or
pressure.

J. Cause of the three orientations

We will now discuss the origins of the principal
textures observed in this experiment. There bave been
demonstrations of YBCO films on YSZ with either the
é=0° ¢ ~9° or =45 orientations dominating.
Whereas this work has illustrated ways to isolate the
¢ ~9° and ¢ = 45° orientations, only the work of
Garrison ef al.’® has reported films with near-complete
¢ = 0° orientation. Thus far, none of the procedures for
altering the YSZ surface that we have tried enhances the
¢ = 0° orientation. :

1. The ¢ = 0° orientation

Tbe structures of YSZ and of YBCO appear in
Fig. 1. YSZ bas an oxygen deficient cubic fluorite
structure; the anions form a simple cubic sublattice
and the cation sublattice is face-centered cubic. At
the growth temperature, the YSZ lattice constant is
about 0.52 nm, and the YBCO Iattice is tetragonal with
an a = 0.39 om.>* For a ¢ = 0° orientation, i.e., with
YBCO [100] or YBCO [010] parallel to YSZ [100],
the lattices are almost exactly commensurate with a
4:3 ratio. The 2-dimensional repeat blocks for this
commensuricity are diagrammed for YSZ (left) and
YBCO (right) in the lower portion of Fig. 1. The oxygen
sites at the comers of the repeat block are the coincident
sites, which in the YSZ repeat block constitute one
out of every nine oxygen sites. In the terminology of
the coincident site lattice (CSL) theory,*® this would
therefore be classified as a © ~ 9 orientation. Note that
the area of the CSL unit cell is nine times larger than
the area of a unit cell of the YSZ oxygen sublattice.
In the CSL theory, low values of ¥ are cormrelated with .
low energy boundaries. This, we believe, explains why
a fraction of the c-axis oriented grains on YSZ have this
orientation.

2. The ¢ = 45° orientation

The simple cubic oxygen sublattice of YSZ has
a spacing of 0.26 nm, whereas the nearest-neighbor
oxygen-oxygen spacing in the square array of the CuO,
planes in YBCO is 0.276 nm. Mating of the oxygen
sublattices in this nearest-neighbor to nearest-neighbor
fashion produces the ¢ = 45° orientation. This results
in a 6% lattice mismatch with YBCO having the larger
cell size. This is illustrated in the bottom of Fig. 1.
The mating of sublattices is very local for this orienta-
tion, 0.26 nm between coincident sites compared with
0.78 nm for the ¢ = 0° orientation. Allowing a 6%
compression of the CuO; plane layer, which may be
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appropriate at very low coverage, the correspandence of
anion sites with the YSZ lattice is unity, ie., 5= 1,
whereas for the ¢ = 0° orientation the correspondence
is one site in nine. It is generally assumed that a grain
boundary may be of relatively low energy when the
two adjoining crystal lattices have a relatively dense
set of coincident lattice sites. This may explain the
preponderance of the ¢ = 45° orientation under many
of our experimental conditions. It may also explain the
tendency of the ¢ = 45° orientation to have a narrower
width in ¢ than the ¢ = 0° orientation.

Thus far, only the CuO, planes have been discussed
in the context of coincident sites. Similar arguments
apply to the chain layers. Both the Cu and the Y seed
layers resulted in or enhanced the ¢ = 45° orientation.
The Y plane has no oxygen, but is eightfold coordinated
by the CuO, plane oxygeas in YBCO as are (Zr,Y)
nominally eightfold coordinated in YSZ. This implies
that a direct transition from YSZ to YBCO initiated by
the Y-layer should occur with Y going on the (Y,Zr)
site. This causes the ¢ = 45° orientation and, as before,
incurs a 6% lattice mismatch.

3. The ¢ ~ 9° orientation

Our results with barium at the interface show a
dramatic redistribution of the epitaxial texture whose
alignment, we believe, can also be explained in the con-
text of a coincident site lattice model. > The coincident
site lattice (CSL) is the lattice of points that overlap
in two adjoining crystal lattices. In materials with the
same lattice constant, the density of the CSL points
is greatest without any relative rotation between grains
(i.e., no boundary), and for cubic materials, the next
most dense set of CSL points occurs with a relative
rotation of 36.87°. This is referred to as a £ =5
boundary because the CSL unit cell volume is five times
the area associated with each crystal lattice point. As
mentioned above, it is assumed the low energy grain
boundaries generally correspond to low values of L. The
¢ ~ 9° orientation, observed in particular in films grown
with interfacial Ba, is very close to a ¥ = 5 boundary
originating from the ¢ = 45° orientation; anideal L = §
would result in ¢ = 45° — 36.87° = 8.13° and, as with
the ¢ = 45° orientation, is mismatched by 6% at the
growth temperature. Since the periodicity normal to the
c-direction of all the YBCO layers is the same, the
operation can be carried out similarly for all layers. The
idealized L = § relationship is illustrated for the Ba~O
place in Fig. 4. Questions remain: for example, why we
do not measure exactly ¢ = 8.13°, and what particular
role Ba is playing in causing the ¢ ~ 9° orientation?
Without detailed simulations or surface structural mea-
surements it is difficult to conclude very much more at
this stage.
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FIG. 4. Possible model for BaO layer overgrowth on YSZ. Oveday
of the BaO and YSZ substrate layer lattices with a £ = 5 relationship
between the oxygen sublattices of the two compounds.

K. Transport correlations with epitaxial texture

The ransport properties of some of the films grown
in this study appear in Table I. To provide a semiquan-
titative measure of the epitaxial texture, the ratio of the
peak areas of the ¢ = 0° and ¢ = 45° reflections was _ A1
computed for each film. For ai™0f the films the critical —
current density at 77 K was also measured. These two
measurements appear in Table 1, and appear graphically
in Fig. 5. The correlation of J, with the ¢ = 0°/¢ = 45°
ratio is largely consistent with the results of Garrison
etal.'® (open circles in Fig. 5). The critical current
density throughout the film is sensitive to the coupling
between grains in the film In films containing more than
a few percent volume fraction of material making large
angle grain boundaries with the dominant orientation,
the J, drops well below 10° A/cm? at 77 K. In films
where the various methods described above resulted in
a volume fraction of misaligned material on the order of
1% or less, the J, lies near or above 10° A/cm? at 77 K.

Table I also contains the zero resistance transition
temperature, transition width, resistance ratio (pgoo)/
Paony), and the normal state resistivity at 100 K for some
of the films listed. The T, transition width, resistivity,
and the resistivity ratio are all dominated principally by
intragranular properties; therefore, a strong dependence
on texturing is not expected. For example, the J, varied
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FIG. 5. Critical current density J. measured at 77 K by the mutual
inductance technique versus the inteasity ratio of the YBCO (103)
diffraction peaks representing the volume fraction of the film oricnted
with the ¢ = 0°® and ¢ = 45° orientations. Solid circles refer to films
from this work, and open circles are from Garrison ef al.'®

over about three orders of magnitude between films with
heavily mixed and largely unmixed texture, whereas the
normal state resistivity varied by about a factor of two.

IV. CONCLUSIONS

This work has been directed at controlling the epi-
taxial YBCO on YSZ system via straightforward in situ
procedures. Variability in epitaxial quality is expected
on the basis of variations in the surface quality, contam-
ination, growth conditions, and substrate supplier. This
work demonstrates that it is possible to make the film
epitaxy insensitive to process variability such as modest
fluctuations in temperature, stoichiometry, and substrate
handling. Until recently, procedures for preparing sub-
s what on outside the growth
chamber. This work suggests that t critical surface
preparation procedures may be ones carried out in situ.
This is frequently the case in semiconductor epitaxy
and is an expected development in the refinement of
YBCO film epitaxy. The surface of a polished YSZ
single crystal supports c-axis epitaxy which is inher-
ently tristable. The in situ prepared homoepitaxial YSZ
surface enbances monostable c-axis cpitaxy by favoring
the ¢ = 45° orientation as do interfacial Y and Cu
oxides. The effects of the YSZ homoepitaxial layer are
enhanced as the mole fraction of the Y,0, is increased.
CeO; heteroepitaxial buffer layers were also proven
to stabilize the ¢ = 45° orientation. This work has
demonstrated that interfacial Ba is uniquely damaging
among the YBCO cations, and has the effect of inducing
a spread of low angle grain boundaries. Proximity to
a low energy LS5 grain boundary may be the cause.
The cause does not appear to be reactions that form
barium zirconate. Degradation i “'m epitaxy at high
temperatures and high pressures i© manifested by low

angle grain boundaries distributed about ¢ = 0°. Finally,
in spite of all our efforts, a procedure for isolating the
¢ = 0° epitaxial orientation remains elusive. The more
long-range nature of the oxygen sublattice mating may
be a factor.

ACKNOWLEDGMENTS

We gratefully acknowledge useful discussions with
Stephen Streiffer of Stanford University, David Ea-
glesham of Bell Labs, and Jim Boyce and Neville
Connell of Xerox PARC, and John M. Rowell and Nate
Newman of Conductus, Inc. We thank Dick Johnson,
Steve Ready, and Lars-Eric Swartz for their assistance
developing our laser deposition system. Work at Xerox
PARC was supported by the Air Force Office of Scien-
tific Research (F49620-89-C-0017). DKF acknowledges
an AT&T scholarship.

REFERENCES

1. A.B. Berezin, C. W. Yuan, and A.L. de Lozane, Appl Phys. Lett.
57, 90 (1990).

2. K. Char, N. Newman, S. M. Garrison, R W. Barton, R. C. Tabez,
S.S. Laderman, and R D. Jacowitz, Appl. Phys. Lewt. 57, 409
(1990).

3. X.D. Wu, R E. Muenchausen, N. S. Nogar, A. Pique, R. Edwards,
B. Wilkins, T. S. Ravi, D. M. Huang, and C. Y. Chen, Appl. Phys.
Lete. 58, 304 (1991).

Char, M.S. Colclough, L.P. Lee, and G. Zaharchuk, Appl

. Lett. 59, 2177 (1991).

Fork, K. Char, F. Bridges, S. Tabara, B. Lairson, J.B.

G. A.N. Connell, and T. H. Geballe, Physica C 162-164 -

989).

. Li, O. Meyer, X. X. Xi, J. Geerk, and G. Linker, Appl. Phys.

S5, 1792 (1989).

A Tiez, C.B. Carter, D.K. Lathrop, S.E. Russek, R A

uhrman, and J. R. Michael, J. Mater. Res. 4, 1072 (1989).

. Shi, J. Shi, J. Sun, W. Yo, and Zh. Qi, Appl. Phys. Lett. 57,
822 (1990).

9. J.P. Zheng, S.Y. Dong, and H.S. Kwok, AppL Phys. Lert S8,
540 (1991).

10. S.M. Gamison, N. Newman, B.F. Cole, K. Char, and R. W.
Barton, Appl Phys. Lett. 58, 2168 (1991).

11. D.K. Fork, D. B. Fenner, R W. Barton, Julia M. Phillips, G. A N.
Connell, J. B. Boyce, and T.H. Geballe, Appl. Phys, Let. 57,
1161 (1990).

12. H. Myoren, Y. Nishiyama, N. Miyamoto, Y. Kai, T. Tamanaka,
Y. Osaka, and F. Nishiyama, Tpn. J. AppL Phys. 29, L955 (1990).

13. D.P. Norton, D. H Lowndes, J. D. Budai, D.K Christen, E.C.
Jones, K. W. Lay, and J.E. Tkaczyk, Appl. Phys. Lett. 57, 1164
(1990); K. S. Harshavardhan, R. Ramesh, T. S. Ravi, S, Sampere,
A. Inam, C.C. Chang, G. Hull, M. Rajeswan, T. Sands, T.
Venkatesan, M. Reeves, J. E. Tkaczyk, and K. W. Lay, Appl Phys.
Lett. 59, 1638 (1991).

14, S. Witanachchi, S. Patel, Y.Z. Zhu, H S. Kwok, and D. T. Shaw,
J. Mater. Res. 8, 717 (1990); A. Kumar, L. Ganapathi, S.M.
Kanctkar, and J. Narayan, Appl Phys. Lett. 57, 2594 (1990); A
Kumar, L. Ganapathi, S.M. Kanetkar, and J. Narayan, J. Appl
Phys. 69, 2410 (1991); J. Saitoh, M. Pukutomi, K. Komod, Y. -
Tanaka, T. Asano, H Macda, and H. Talahara, Jpn. J. Appl Phys.
30, L898 (1991); R.P. Reade, X. L. Mao, and R.E. Russo, Appl
Phys. Lew. 59, 739 (1991).

ox
et

8?2
=
=8

N oo
wrgo

oo
€

10 J. Mater. Res., Vol. 7, No. 7, Jul 1992




D.K. Fork et a/.: Effects of homoepitaxial surfaces and Interface compounds

Eold

the in-plane epitaxy of YBCO films

15. G.A. Samara, J. Appl. Phys. 68, 4214 (1990).

16. D.K. Fork, A. Bamrera, T.A. Geballe, A.M. Viano, and D.B.
Feaner, Appl Phys. Lett. 57, 2504 (1990).

17. D. Dimos, P. Cbaudbari, J. Mannhart, and F. K. LeGoues, Phys.
Rev. Lemt. 61, 219 (1988); D. Dimos, P. Chaudbar, and J.
Mannhart, Phys. Rev. B 41, 4038 (1990).

18) Z.G. Ivanov, P. A. Nilsson, D. Winkler, G. Brorsson, T. Clacson,
E.A. Stepantsov, and A. Ya Tzalenchuk, presented at the In-
temnational Conference on Superconducting and Quantum Effect
Devices and their Applications, Bedin, Germany, June 18-21,
1991,

19. S.S. Laderman, R. C. Taber, R D. Jacowitz, J.L. Moll, C. B. Eom,
T.L. Hylton, A F, Marshall, T.H Geballe, and M. R. Beasley,
PRB (accepted).

20. B.H. Moeckly, S.E. Russek, D. K Lathrop, R. A. Buhran, Jian
Li, and J. W. Mayer, AppL Phys. Lett. 57, 1687 (1990).

21. $.K Stciffer, B.M. Lairson, C.B. Eom, A.F. Marshall, J.C.
Bravman, and T.H. Geballe, in High Resolution Electron Mi-
croscopy of Defects in Materials, edited by R. Sinclair, D. J. Smith,
and U. Dahmer (Mater. Res. Soc. Symp. Proc. 183, Piusburgh,
PA, 1990), p. 363.

22. M.J. Cima, J. S. Schneider, S.C. Peterson, and W. Coblenz, Appl.
Phys. Lett. 53, 710 (1988).

23. T.S. Ravi, D.M. Huang, R Ramesh, Siu Wai Chan, L. Nazar,
C.Y. Chen, A. Inam, and T. Venkatesan, Phys. Rev. B 42, 10141
(1990).

Dbl Ref.

24, C.B. Eom, prjvate communicaion.
25. A. Inam, C. T{Rogers, R. sh, K. Remschnig, L. Fanow, D.

» M. S. Colclough, and G. Zaharchuk, Appl

(1991).

. Hebard, P. M. Mankicwich, and R.E. Howard,
Appl. Phys. Lett. 52, 2165 (1988).

29. D. Steele and B.E.F. Fender, 1. Phys. C 7, 1 (1974).

30. V.S. Stubicon, Adv. Ceram. 24, 71 (1988).

31. X.D. Wu,R.C. Dye, R E. Muenchauses, S. R Foltyn, M. Maley,
A.D. Roliett, A.R. Garcia, and N. S. Nogar, Appl. Phys. Lett. 58,
2165 (1991).

32. Masaki Kanai, Tomoji Kawai, and Shichio Kawai, AppL Phys.
Lett. 58, 771 (1991).

33. H. Fukumoto, T. Imura, and Y. Osaka, Appl. Pbys. Lete. 55, 360
(1989).

34. R.W.G. Wycoff, Crystal Structures (Interscience, New York,
1963), Vol. 2, p. 4.

35. 1.D. Jorgensen, M. A. Beno, D.G. Hinks, L. Soderholm, K.J.
Volin, R. L. Hitterman, J. D. Grace, Ivan K. Schuller, C.U. Segre,
K. Zhang, and M. S. Kleefisch, Phys. Rev. B 36, 3608 (1987).

36. R.W. Balluffi, A. Brokman, and A. H King, Acta Metall 30,
1453 (1982).

J. Mater. Res., Vol. 7, No. 7, Jul 1992 11




2.z LAMIA Mt A fETR CgfiTgiace
i ez LI A VT AFESY .22l 2l

EPITAXIAL GROWTH OF FERROELECTRIC THIN FILMS ON GaAs
WIiTH MgO BUFFER LAYERS BY PULSED LASER DEPOSITION
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a) Xerox Palo Alto Research Center, Palo Alto, CA 94304.
b) Materials Research Laboratory, Fuji Xerox Co., Ltd., Kanagawa, Japan.
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ABSTRACT

Epitaxial growth of ferroelectric thin films on GaAs (100) by pulsed laser
deposition was examined for integrated electro-optic device applications. To promote
epitaxy of ferroelectrics and prevent interdiffusion, we have deposited several types
of buffer layers. CeO2 film reacted strongly with GeAs. Although Y203 9%
stabilized-ZrQ2 films showed epitaxial growth, YSZ reacted with GaAs at 780°C.
MgO grew epitaxially and was stable even at 780°C. HRTEM observation showed
sharp interface between MgO and GaAs. BaTiO3 and SrTiO3 deposited on
MgO/CaAs structures showed epitaxial growth. In-plxisf orientation was Ba7liO3
{100] # MgO [100) // GaAs [100]). Epitaxial BaTiO3 films were c-axis oriented
tetragonal phase and showed ferroelectric hysteresis.

INTRODUCTION

There have been growing eiforts in prepering epitaxial ferroelectric films on oxide
substrates such as PLZT on sapphire by rf-magnetron sputtering (1}, KNbO3 on MgO
by ion beam sputtering (2], Bi4Ti3012 on SrTiOg by pulsed laser deposition (3],
PbTi03 on SrTiO3 by MOCVD [4], and LiNbO3 un sapphire by sol-gel process [5].
Wheress, epitaxial growth of ferroelectric films on GaAs is very aitractive to
integrate semiconductor lasers and ferroelectric electro-optic devices on the same
CaAs substrate. With this integration, maonolithic electro-optic devices which emit
visible lager light by second harmonic generation or scan the laser light by acousto-
optic diffraction, for instance, will be fabricated. Furthermore, perovskite type
ferroelectric materials are good host materials for epitazial YBaaC307.s films. [6]

However, epitaxy of ferroelectric films on GaAs is not easy because of several
factors such as the high growth temperature, interdiffusion, and the general lack of
epitaxy to the zinc blend structure. GaAs begins to loose As over 400°C (7] without
Asg4 flux stmosphere which is incompatible with the growth technique of ferroelectric
films. Pb diffusion from PLZT into the GaAs was detected {8]. Therefcre, capping of
GQaAs with buffer layer which grows epitaxially at low temperature and works as a
diffusion Barrier is needed. Epitaxial ozide materials which have been grown on Si
include MgAl204 [9), Y-stabilized ZrOo (YSZ) [10], CeOg [11), and MgO [12). Such a
buffer layer on GaAs has not been rep.rted previously to our knowledge. While we
have succeeded in growing epitaxial MgO on GaAs (100) and epitaxial BaTiO;
thereon by pulsed laser deposition {13]. Pulsed laser deposition is:;'ery useful
technique because of its simplicity, high deposition rate and near stoichiometric
deposition.
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In this report, we will show growth of oxide materials such as CeO2 (Fluorite,
a=5.41134 A), Y203 9% stabilized-2rO2 (YSZ) (Fluorite, a=5.139 A), and MgO
(NaCl, a=4.218 A) on GaAs (Zinc blend, a=5.6534 A). Then, we will present
structures and properties of perovskite type thin films like BaTiO3 (Perovskite,
a=3.994 A, ¢=4.038 A) and SrTiOg (Perovskite, a8 =8.9051 A) gruwn on buffer layers.

EXPERIMENTAL

i was
The Pulsed laser deposition apparatus used hee described previously (13). Briefly, a

vasrted

XeoCl excimer lager (308 nm) was used at @ pulse rate of 4 Hz, a pulse length of 17 ns,

and a laser energy of 130 mJ (an energy density of 1.3 J/em2 on targets.) The target-

to-substrate distance was 50 mm and the base pressure wag 8 X10-7 Torr. We used

stoichiometric CeOz, YSZ, BaTiOs, and SrTiOg targets, and Mg metal target. Mg is

readily oxidized due to the molecule’s high binding energy. The GaAs substrate was

heated radiatively. Substrate temperatu;&‘was measured by a thermocouple and by +$ tmbaided

& pyrometer. The thermocouple Sversstimates the substrate tamperaturs. naal b b
Si doped GaAs (001) off 0°10.2° wafers, 6 X 6 mm square, were degreased, etched haadiag

by H3S04:H302:H20=10:1:1, then rinsed with deionized water, ethanol, and spin- e\ wand, Had

dried with ethanol in flowing Na. After these process, the substrate was immediately Faava Crme

introduced into the deposition chamber. The substrate was heated at 880°C (600°C by v

pyrometer) for 2 min in the base pressure before deposition in order to sublimate

surface oxides formed after etching.

RESULT AND DISCUSSION

We examined a few oxides as buffer layers. CeOy was deposited at 780°C in v Fonua WS
1.2X10-3 Torr O2. After deposition, susfaee-ef the substrate Mepd wisibly vovah
raked syas-meaning a strong reaction of CeOz with GaAs. YSZ deposited between o o
630°C and 780°C in 0.5X 10-3 Torr Oz were epitaxial to GaAs with (200) crientation. . aided 2%¢)
Fig. 1 shows an X-ray 6-20 diffraction pattern with Cu Ka radiation from YSZ imdccalmg-:
deposited at 680°C. However, YSZ deposited at 780°C was not epitaxial to GaAs.

BaTiOs deposited on epitaxial YSOZ prepared at 880°C showed unidentifiable peaks
when BaTiO3 was deposited at 780°C. Considering from these results YSZ looked
#0acs with GaAs at 780°C.

MgO films were deposited between 260°C and 450°C. MgO films deposited in
5% 10-6 Torr Og were all epitaxial in spite of low deposition temperatures & large
lattice mismatch (25.5%) between MgO and GaAs. Fig. 2 is a typical X-ray
diffraction pattern from MgO/CGaAs structure showing reflections only from MgO
(200) and GaAs (200). The rocking curve FWHM of MgO was 1.40° when MgO was
deposited at 350°C in 6 10-6 'Torr Q2.

BaTiO; films deposited in 1.2 X 10-3 Torr O2 at 780°C on these epitaxial MgO were
all epitaxial as shown in Fig. 8. According to the vglues of d spacing and the
intensity ratio of (001) to (002) reflections, the flime had, tetragonal phese and c-axis
orientation. servation by scanning electron microscopy showed optically
smooth surfacdef the flims. The in-plain epitaxial relationship bebweenBeFiBs, - plang
MUgOend-Gads.was verified as BaTiO3 [100] // MgO [100] // GaAs [100) by X-ray
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diffraction phi scan of the (202) reflections which are 45° off normal to the surface,
BaTiOs films deposited on MgO films deposited below and over 5X10-6 Torr Oy
showed misoriented planes! ing curve FWHM of BaTiOg deposited on Mg0
which was deposited at 350°C in 5X10-6 Torr O3 was 1.84°. Without MgO buffer
layer, BaTiOs did not grow epitaxially although the lattice mismatch between
BaTiOs and GaAs for (110] // [100] is 0.1%. Wisilew the lattice mismatch between
BaTiO3 and MgO for (100]//{100]is 5.2%. = Ol

Gass (200)
V2000

Gas (200)
MgO pony

ey (s.as)
Invenity (a.u)
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29 tdea) ' 20 (deg)
Fig. 1 X-ray diffraction pattern of Fig.2 X-ray diffraction pattern of
YSZ on GaAs. MgO on GaAs.

The same deposition condition as BaTiOz was applicable for growing SrTiOj;
epitaxiaily on MgO/GaAs as shown in Fig. 4. Epitaxial SrTiO3 was grown in 1.2%X
10-3 Torr Oz at 780°C. The lattice mismatch between 8rTiO3 and MgO for [100] //
{100]) is 7.8% and larger than that between BaTiO3 and MgO.

. |8 i g
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Fig. 8 X-ray diffraction pattern of Fig. 4 X-ray diffraction pattern o’
BaTiOg on MgO/GaAs. SrTiO3 on MgO/GaAs.
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Lattice images of interfaces were observed in the [110] zone axis by high
resolution transmission electron microscopy (HRTEM) for MgO grown at 350°C in
65X 10-6 Torr O2 and BaTiO3 grown on the MgO at 780°C in 1.2X10-3 Torr O2. The
lattice images and electron diffraction patterns confirmed cube-on-cube
crystallography. Fig. 5 is the MgO/GaAs interface. The interface is abrupt, and free

. Gomdormetion of secow:ses and oxides.

i« imags shows periodical of dots at 4w in rv.aei 0 a

¢ - thres a GaAs. These dots may be eweseinby slocation or (30
quite interesting that the mismatch between MgO and GaAs is 0.65% for a 4:3 lattice
coincidence. Therefore, the epitaxial growth of MgO with a large lattice mismatch to
GaAs may be promoted by relaxing its lattice constant to its bulk velue through the
formation of incommensurate interface as & 4:3 lattice coincidencs. Fig. 6 is the.
BaTiO3/MgO interface. BaTiOg was epitaxial on MgO as observed by X-ray
diffractions. The interface is algo sharp and free from formation of secondary phases.

“TA¢ Formation of twin boundaries were visible in BaTiO3 although no grain boundarjes
was observed. was

Fig. 5 High resolution transmission electron micrograph of
MgO/GaAs interface in (110} 2zone axis.

Rutherford Backscattering (RBS) spectra along random and the {001] directions
for BaTiO3 grown at 700°Cin 1.2 X 10-3 Torr Oz on MgO deposited at 860°C in 5% 10-6
Torr O2 showed 8 minimum yleld of 55% at the surface. The defects observed by
HRTEM may be a main reason for the relatively high RBS channeling yield.
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CONCLUSIONS

Epitaxzial YSZ and MgO were grown on GaAs (001) substrates as buffer layers by
pulsed laser deposition. YSZ, however, reacted with GaAs at 780°C. Wireveas, MgO
grown between 250°C and 450°C was stable even at 780°C. The interface between
MgO and GaAs was atomically sharpf. BaTiOg and SrTiOj3 films deposited on
MgO/GaAs showed epitaxial growth. Epitaxial relationship was BaTiOy [100]// MgO
[100] // GaAs [100] in spite of a large lattice mismatch of 25.5% between MgO and
GaAs. Grown BaTiOg showed ferroelectric hysteresis loops meaning formation of a_
tetragonal phase. Through this study, we demonstrated poesibility of monolithic
integration of semiconductor lasers and ferroelectric electro-optic devices on the same
GaAs substrates.
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Fig. 6 High resolution transmission electron micrograph of
BaTiOy/MgO interface in [110] zone axis.

The ferroelactric hysteresis of the epitaxial films were measured wiﬂ;:c'ipaciwr
structure using Cr dots of 1 mm in diameter on the 1915A BaTiOy/ 343A MgO/GaAs
s shown in Fig. 7. The remanent polarization, the coercive field, and effective
dielectric constant were about 0.6 nC’cm2, 120 kV/em, and 40 at applied voltage of
6V, regpectively. Relatively large coercive fleld and small effective dielectric
constant may result from existence of MgO buffer layer because of large voltage drop
across MgO due to its high electric resistance and of small dielectric constant relative
to BaTiOs. of ferroelectric hysteresis means that the grown BaTiOj
agonal phase as suggested from X-ray data.
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o
-
o

Fig. 7 Ferroelectric bysteresis loop of BaTiO3/MgO films on GaAs.
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FIG. 1. X-ray diffraction pattern from BaTiOy/MgO/GaAs structure.

However, BaTiO; films were polycrystalline with preferred
(001) and (101) orientations. This result indicates that
epitaxy of BaTiO; requires more than simple lattice match-
ing (for [110]]) [100] the mismatch is 0.1%)

About 600-A-thick BaTiO, films were deposited at
780 °C (700 °C by a pyrometer) in 1.2x10~? Torr O, on
MgO films deposited between 250 and 450 °C in the same
run. MgO films deposited in §X 10~¢ Torr O, and BaTiO,
films deposited thereon were all epitaxial. The surface mor-
phology of the films observed by scanning electron micros-
copy was quite smooth. Figure 1 is an x-ray 6-20 diffrac-
tion pattern with CuKa radiation from one of prepared
BaTiO;/MgO/GaAs structures showing reflections from
BaTiO; (00/), MgO (002), and GaAs (002). No misori-
ented material was observed. The d spacing of deposited
BaTiO, (002) was 2.02 A, whereas the bulk values are
1.997 and 2.019 A for (200) and (002) planes of the te-
tragonal phase and 2.016 A for (200) of the cubic phase,
respectively. While the intensity ratio of the deposited
BaTiO, was 1.08+0.08 (n = 8) for (002) to (001), the
bulk values of the tetragonal phase are 1.48 for (200) to
(100) and 1.00 for (002) to (001), and the bulk value of
cubic phase is 2.50 for (200) to (100). Therefore, the c-
axis-oriented tetragonal phase seems to be formed although
phase identification requires further analysis.

MgO layer thickness was measured by He-Ne laser
ellipsometry. The deposition rate of MgO depended
strongly on O, pressure and substrate temperature. Depo-
sition rates were between 0.03 and 0.07 A/pulse. Accord-
ing 10 Yadavalli er al.,'® thermal desorption of Mg is in-
hibited by lower substrate temperature and Mg oxidation;
both are consistent with Table I. The thickness of the MgO
layer in Fig. 1 was about 440 A. It was surprising, how-
cver, that only about a 40-A-thick MgO layer worked well
to give epitaxial BaTiO,.

Misalignment of the crystal plane of the films parallel
to the surface was evalvated by x-ray diffraction rocking
curves as shown in Table I1. The epitaxy of MgO was very
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TABLE . Ellipsometric data for MgO films on GaAs.

Heter. temp O, pressure Thickness Refractive
(‘C) (x10 *Torr) () index
300 -] 704 £ 21 1.706 £ 0.002
350 2 353+6 1.687 + 0.002
350 b 436+ 4 1.719£0.001
350 10 48627 1.7125+£0.001
350 20 S51+8 1.717+0.002
400 ] 359+S 1.7174:0.003
450 S 305218 1.676+0.003

sensitive to O, pressure. Misoriented planes of BaTiO,
were observed when the MgO films were deposited in O,
pressure other than 5 10~° Torr, although changes in the
rocking curve FWHM (full width at half maximum) were
relatively small over 5X107° Torr O,. For both BaTiO,
and MgO, the rocking curve FWHM of the films showed
almost the smallest value at 350°C. MgO deposited at
350°Cin $X 10~ ¢ Torr O, had a rocking curve FWHM of
1.4°. This value is better than that for the epitaxial MgO on
Si (2.5"),' although the lattice mismatch betwcen MgO
and GaAs (25.5%) is larger than that between MgO and
Si (22.2%). It is interesting, however, that for a 4:3 lattice
coincidence the mismatch between MgO and GaAs is
0.65% and that between MgO and Si is 3.43%. The rela-
tionship between FWHM of rocking curve for MgO (002)
and BaTiQ, (002) is proportional as shown in Fig. 2. This
result indicates that crystallinity of BaTiO; films depends
on the quality of underlying MgO films as in the case be-
tween films and substrates. The films deposited without the
surface oxide sublimation step showed worse crystallo-
graphic quality as shown in Table II. The rocking curve
resolution measured on GaAs (002) was 0.24".

In-plane film texturing and twist misalignment was an-
alyzed by the x-ray diffraction ¢ scan of the (202) reflec-
tions which are 45° off normal to the surface for cubic
crystals as shown in Table 1I. The epitaxial relationship
between BaTiO;, MgO, and GaAs was verified as BaTiO,
{100]]| MgO[100]|{ GaAs{100] in spite of a large lattice
mismatch between MgO and GaAs with this orientation.
This result is identical to the growth of MgO on Si." ¢
scan FWHMs were almost identical over $x10°® Torr.

TABLE I11. X-ray diffraction data for BaTi0; and MgO on GaAs.

Rocking curve & scan width

Heter. temp O, for MgO  width for (002) (deg) for (202) (deg)

("C) (x10°* Torr) MgO BaTiO, MgO BaTiO,
250 ] 1.47 1.93 2N 328
300 ) 1.62 1.97 2.40 310
3” 2 235 “en e B
350 5 1.40 1.84 221 2.74
50 10 1.45 1.91 224
350 20 1.29 1.53 1.95 2.54
400 b) 1.89 2.37 2.50 316
450 s 21 .37 263 336
350 L 1.80 2.06 398 e
*BaTiO, contained misoriented planes.
*MgO was deposited without preheating at 680 °C.
1200
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MgO buffer layers were deposited on GaAs by pulsed laser deposition for epitaxial growth of
BaTiO;. MgO was grown epitaxially on GaAs for the first time; the orientation is (001)

on GaAs(001). The best crystallographic quality was obtained at 350 °C in 5x 10 ® Torr O,.
BaTiO, films with (001) orientation grew epitaxially on MgO/GaAs. The in-plane

epitaxial relationship was BaTiO;{100}|| MgO[100]f| GaAs[100] in spite of a large lattice

mismatch (25.5%) between MgO and GaAs.

Ferroelectric thin films have attracted attention for
nonvolatile memories, electro-optic devices, and surface-
acoustic-wave devices. For electro-optic applications using
optical waveguides, in particular, epitaxial ferroelectric
films are essential because of their Jow propagation loss.
Extensive effort has produced epitaxial ferroelectric films
mostly on oxide substrates by a variety of methods:
Pb,_,La,(Zr;_,Ti));_ .40 (PLZT) on sapphire by rf-
magnetron sputtering,' NKbO, on MgO by ion-beam
sputtering,’ BaTiO; on MgO (Ref. 3), and Bi,Ti;O,, on
SrTiO; (Ref. 4) by pulsed laser deposition, PbTiO; on
SrTiO; by metalorganic chemical vapor deposition
(MOCVD),* and LiNbO, on sapphire by the sol-gel
process,® for instance.

Epitaxial growth of ferroclectric films on GaAs is de-
sirable to integrate semiconductor lasers and ferroclectric
electro-optic devices on the same GaAs substrate. Epitaxy
of ferroelectric films directly on GaAs is rendered difficult
by several factors, including the high growth temperature,
interdiffusion, and the general lack of epitaxy to the zinc-
blende structure. GaAs begins to lose As over 400 °C (Ref.
7) and layer-by-layer sublimation from GaAs was reported
above 690 °C,® without As, flux atmosphere which is in-
compatible with ferroelectric film growth. Diffusion of Pb
into the GaAs was detected, although epitaxial PLZT films
with (110) orientation were prepared on GaAs(’™0) by rf
diode sputtering.’ Therefore, a capping buffer Jayer which
grows epitaxially at low temperature and acts as a diffusion
barrier is needed. '

To our knowledge, such a buffer layer on GaAs has not
been reported previously. Oxide materials which have been
grown epitaxially on Si include MgAl,O‘,w Y -stabilized
Zr0, (YSZ),""? Ce0,," and MgO."* We selected a few
oxides out of these materials as buffer layers since GaAs is
also a tetrahedral semiconductor with a lattice parameter
similar to Si. CeO, and YSZ were, however, reactive with
GaAs according 10 our preliminary experiments, although
YSZ grew epitaxially on GaAs with crystallography as ob-
served in epitaxial YSZ on Si."?

*’Currently at Materials Research Laboratory, Fuji Xerox Co., Ltd., Mi-
namiashigara, Kanagawa 250-01, Japan.
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Yadavalli er al. reported low-temperature homoepitax-
ial growth of MgO down to 140 K.'* Low-temperature
growth of MgO on Si was also observed by Fork er al.'
MgO is an ionic solid with low-energy neutral (001) cleav-
age planes, and is known to grow with (001) orientation
preferentially, regardless of substrate materials. MgO has
been used as a substrate for deposition of ferroclectric and
high-temperature superconductor films because of its re-
fractory nature and of its crystal structure (NaCl, a
=4.213 A) suitable for these depositions.

In this study, growth of BaTiO; thin films on GaAs
was examined as a model perovskite ferroelectric material.
Stoichiometry control and epitaxy on bulk MgO by pulsed
laser deposition has been demonstrated.” BaTiO, is also a
good host material for epitaxial YBa,C;0;_, films.'®

Pulsed laser deposition is a powerful technique due to
its simplicity, high deposition rate, and near-stoichiometric
deposition. A 308-nm XeCl excimer laser (Lambda Physik
EMG 103) was used at a pulse rate of 4 Hz, a pulse length
of 17 ns, and a laser energy of 130 mJ which give an cnergy
density of 1.3 J/cm? on targets. The target-to-substrate
distance was 50 mm and the base pressure of 3x 107’
Torr. We used BaTiO, and Mg targets mounted on a Poly-
Gun source (Kurt J. Lesker Co.) as in Ref. 14. Mg is
readily oxidized due to the molecule’s ~10 eV binding
energy. The GaAs substrate was heated radiatively. Tem-
perature was mcasured by a thermocouple affixed 10 an
inner wall of the box containing the lamp. The substrate
and its holder form one wall of the box. The thermocouple
overestimates the substrate temperature.

Si-doped GaAs(001) off 0°+£0.2° wafers, 6X6 mm
square, were degrcased and immersed for 60 s in
H,S504H,0,;:H,0 = 10:1:1. The substrates were then
rinsed with de-ionized water, ethanol, and spin dried with
ethanol in flowing N,, then immediately introduced into
the deposition chamber. Reference 17 indicates that sur-
face oxides desorb at 582 °C, hence the substrate was
heated at 680 °C (600 °C by a pyrometer) for 2 min in the
base pressure before deposition in order to sublimate sur-
face oxides formed after etching.

BaTiO, films were deposited in condition ranging from
680 10 780 °C and from base pressure to 3% 10~ Torr O,.

© 1992 American Institute of Physics 1199
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FIG. 2. Relationship between x-ray rocking curve FWHM for (002)
refiections of BaTiO, films and for (002) reflections of underlying MgO
films on GaAs.

The ¢ scan curve FWHMs for butk BaTiO; and MgO were
the smallest when the MgO film was grown at 350 °C. The
¢ resolution was 0.75° as measured on GaAs (202).

Refractive indices of MgO films measured by ellipsom-
etry with a He-Ne laser also varied with O, pressure and
substrate temperature like x-ray diffraction results as
shown in Table 1. Figure 3 shows x-ray diffraction data and
refractive indices as a function of deposition temperature.
The highest refractive index was 1.725 of the film deposited
at 350 °C in 1x 10~ * Torr O,. This value is close to 1.735
of a single-crystal MgO,'* indicating the MgO film is high
density.

In conclusion, epitaxial growth of BaTiO; on GaAs by
pulsed laser deposition was achieved by introducing epi-
taxial MgO buffer layers. MgO with the best crystallo-
graphic and optical quality was deposited around at 350°C
in 5% 1078 Torr O, using a Mg metal target. The epitaxial
relationships are BaTiO; (001)]] MgO(001)|] GaAs(001)
and BaTiO; [100])] MgO[100})|| GaAs[100] in spite of a
large lattice mismatch (25.5%) between MgO and GaAs.
This is the first demonstration of a NaCl structure com-
pound epitaxial 1o a zinc-blende structure material.
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SEGREGATION IN Fe-SUBSTITUTED YBagCu30; FILMS
F. A. Ponce, J. B. Boyce, F. Bridges and J. C. Tramontana
Xerox Palo Alto Research Center, Palo Alto, CA 94304

Understanding of the role 8layed by the Cu(2)-O and the Cu(1)-O chains is crucial in the
high T¢ material YBagCu3O7 (YBCO). One approach has been to substitutel.2 other atoms
such as Co, Fe, Ni and Zn for some of the Cu. A linear decrease in the T, has been observed
for several dopants, in particular for Fe substituted bulk samples!, Tc—0 at 14-15%. Bulk
sample studies show some variation in the amount of T, suppression with concentration,
possibly related to the method of materials preparation. The materials discussed here were
prepared using the laser ablation techniqued.4. Successive ablations from a series of
targets was used in order to achieve in principle a mixing on an atomic scale as the
components are deposited about an atomic layer at a time. An XeCl laser deposition
system was used, ui&;d with a computer controlled rotating target holder enclosed in a
water-cooled shroud. The holder, containing 10 targets, rotates at speeds up to 10 hz and
the laser is fired each time a desired target is correctly oriented. Details on the deposition
conditions are contained in reference 2. The targets were made of pressed fine powders of
Cu-deficient YBCO, CuO and two mixtures of CuO and FeO-(CuQ);.x(FeO), withx = 0.33
and 0.67. The substrates were LaAlOQ3 crystals, in the <100> orientation. Figure 1 shows
the resitivity for several YBCO films substituted with various concentrati.as of Fe. Figure
2 shows the transition temperature Tc as a function of Fe concentration, and the results are
compared between our thin films and results obtained elsewhere on bulk samples.

In order to understand the apparent discrepancy between the thin film and bulk materials
shown in figure 2, we have studied the structure of the films with TEM. We report here on
the structure of YBCO films with 17% concentration Fe. Figure 3 is a bright-field plane-
view image of the film and some of the substrate. The image is characterized by (a) moire
patterns, (b) circular precipitates, and (c) platelets along directions mutuall
perpendicular. The moire patterns are due to the interference of 250 reflections of film wit
substrate. The moixe patterns occur with periods of 25nm, and uxin the lattice parameter
of LaAlO3 of 3.792A, gives a lattice parameter for YBCO of 3.85A which is consistent with
those measured b*hx-ray diffraction and compares well with that of tetragonal YBCO
(3.82,3.88,11.67). The circular precipitates produce moires which are consistent with cubic
Y203, and are attributed to a Ba-defficient tarset. The platelet density increases with Fe
concentration in the samples that we have studied. The platelets are oriented parallel to

100} YBCO planes, and produce streaks in the diffraction pattern as shown in figure 4.

attice images, such as the one in figt're 5, show that the platelets are coherent precipitates
with good match in the direction parallel to the platelet, and a hexagonal-like structure in
the normal direction. X-ray energy dispersive analysis of the platelets show a dramatically
high density of Fe, an order of magnitude larger that the Fe in the YBCO matrix.

The results presented here show that Fe substituted for Cu in YBCO has a tendency to
segregate with the dproduction of Fe-rich precipitates. The apparent discrepancy between
thin film and bulk data can therefore be explained in terms of effective solubilities of Fe for
different materials preparation techniques.
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FIG. 1.--Relative resistivity vs. temperature for the Fe-substituted YBCO thin films grown
on LaAlOj substrates? (The Fe concentration is with respect to Cu).

FIG. 2.--Midpoint transition temperature Tc as a function of the Fe concentration2 (The
crosses are the data on bulk samples from Tarascon, et al.1).

FIG. 3.--Bright-field micrograph of 17% Fe substituted film.

FIG. 4.--Selected area diffraction pattern of area shown in figure 2.

FIG. 5.--HRTEM of Fe-rich precipitate in YBCO film.
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Ferroelectric bismuth titanate/superconductor (Y-Ba-Cu-O) thin-film

heterostructures on silicon
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The growth by pulsed-laser deposition of c-axis-oriented bismuth titanate
(BTO)/YBa,Cu;0,(YBCO) superconductor heterostructures on [001]-oriented Si with
epitaxial yttria-stabilized ZrO, as a buffer layer is reported. X-ray-diffraction studies of the
heterostructures show that all the layers grow in the c-axis orientation, with a rocking

angle of 1.0°~1.2° for the bismuth titanate layer and 0.6°-0.8° for the YBCO layer. Rutherford
backscattering ion channeling yields of 28% at the surface have been obtained.

Transmission electron microscopy of cross-sectioned samples reveal that the BTO layer has a
significant density of translational boundaries that propagate at 45° to the film surface.

The BTO film exhibits ferroelectric hysteresis and a dielectric constant in the range of

180-200.

There is presently a considerable amount of research
being focused on the growth and device fabrication aspects
of thin-film ferroelectrics for a variety of applications in-
cluding nonvolatile memories, electro-optic switches, and
detectors.'™ Earlier research in this area had been influ-
enced by three problems. (i) Devices were fabricated from
thick films and hence required very high switching volt-
ages, thus making them incompatible with semiconductor
device technology; (ii) the films are polycrystalline when
grown on silicon with Pt or Al as the bottom electrode
(these films may be susceptible to problems related to the
granularity, i.e., chemical and charge segregation leading
to aging, fatigue, time-dependent breakdown, etc.); (iii)
maintaining proper stiochiometry in the ferroelectric film
and congruence between the target and film composition.
Sputtered lead zirconate titanate films (PZT), for example,
are grown from targets enriched in Pb to compensate for
Pb loss.

In a recent paper,’ we reported preliminary
results on the growth of epitaxial bismuth titanate
(BTO/Bi,Sr,Cu0y , , (2201) heterostructures on single-
crystal [001)-oriented SrTiO,;, LaAlO,, and yttria-stabi-
lized ZrQ, (YSZ) substrates. These c-axis-oriented films
exhibit better crystalline quality compared to polycrystal-
line films. The 2201 layer is metallic at room temperature
and is used as the bottom electrode. The BTO/2201 het-
erostructure is closely lattice matched (2201: a = 5.4 A,
b=541A,c=246A,andBTO:a=5414,b=545A,
¢=132.815 A) and the two layers have similar crystal
chemistry, thus yielding a BTO film of good crystalline
quality. These films exhibit ferroelectric hysteresis and a
dielectric loss tangent of less than or equal to 0.02.

In general, growth of oxides such as YBa,Cu,0, di-
rectly on Si has proven to be difficult due to interfacial
reaction at the growth temperature. This is further com-
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plicated by the large difference in thermal-expansion coef-
ficients between YBCO and Si, leading to cracking upon
cooling. Consequently, there has been a continuous search
for suitable buffer layers that will provide both the chem-
ical barrier and reduce the effect of thermal-expansion mis-
match. MgAl,0, and YSZ have both been shown to pos-
sess such properties. Growth of high-quality epitaxial Y-
Ba-Cu-O (YBCO) films on YSZ/Si (Ref. 6) and
MgAl,0,/BaTiO;/Si (Ref. 7) has been demonstrated. In
our research we are using YSZ/Si as the substrate to grow
BTO/YBCO heterostructures.

Details of deposition of YSZ on Si are reported
elsewhere.®* The BTO/YBCO heterostructure is grown in
situ using a 248-nm pulsed excimer laser which is directed
at a rotating, sintered polycrystalline target of the required
material and the resulting plume is caughi on a heated
substrate. The targets are mounted onto a four-target ro-
tating carousel, thus enabling in situ deposition of the mul-
tilayered structure. The substrate heater is maintained at a
temperature in the range of 650-820 °C. The substrate sur-
face temperature is, in general, about 50 °C lower than the
substrate heater temperature. The deposition is carried out
in an oxygen pressure of 50-200 mTorr and the films are
grown at the rate of 0.5-1.0 A/s. After both the layers are
deposited, the heterostructure is cooled in 200-600 Torr
oxygen. The YBCO layer thickness is typically in the range
of 1000-2000 A while the BTO layer is generally 2000-10
000 A thick.

Specifically, we present here results for a heterostruc-
ture in which the YBCO layer is ~2000 A thick and the
BTO layer is ~ 6000 A thick. X-ray-diffraction studies
show that only the c-axis orientaticn of both YBCO and
BTO, in addition to the (002)ysz and (004)g, peaks, are
present as illustrated in Fig. 1. The w rocking curve full
width at half-maximum (FWHM) for the (005)ygco peak
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FIG. 1. X-ray-diffraction pattern from the BTO/YBCO heterostructure,
grown on {001] Si with [001] YSZ as the buffer layer, showing the pres-
ence of only the 00/ lines for BTO and YBCO along with those of YSZ
and Si.

is in the range of 0.6°-1.0°. The corresponding value for the
BTO layer is in the range of 0.8°-1.0°. These values for
BTO compare quite favorably with the 0.7°-0.8° obtained
for similar heterostructures grown on [001] SrTiO;. As a
comparison, bismuth titanate films grown under identical
conditions, on Si with Pt as the bottom electrode, yield a
rocking curve FWHM of 10°-12°, although they show
some preferential alignment of the ¢ axis.

Rutherford backscattering (RBS) spectra along the
[001] and along random directions were obtained using
2.8-MeV He ions to characterize the crystalline quality
along the [001] direction and the composition of the dif-
ferent layers. In Fig. 2 is shown the RBS spectrum, the
corresponding best-fit simulation, and the ion channeling
spectrum for the heterostructure described in the inset.
Due to the large number of chemical species and the con-
sequent overlapping peaks, compositional information is

(X} 1.0 15
180 T T T
— BTO/YRCOZO/S: random
- ~ STO/YRCOZOSI aligned ~. J
120 - - - Simulstion of 8- THO/O-Y-Ba-CwO-2r'Si | \
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2 _
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FIG. 2. RBS spectrum from the heterostructure showing ion channeling
minimum yield of 28% at the surface, with progressive dechanneling into
the film. The simulation shows reasonable fit with the nomina) composi-
tion of the different layers which was independently confirmed by SEM
x-ray microanalysis.
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i,

FIG. 3. High resolution electron microscope (HREM) image of the BTO
film showing the presence of & large density of “translational boundaries.”
These boundaries are likely to be the cause for the progressive ion de-
channeling in the film.

approximate and was independently confirmed by scanning
electron microscopy x-ray microanalysis. The ion chanel-
ing spectrum shows a minimum yield of 28% at the surface
with evidence for dechanneling as the ions travel through
the bismuth titanate film. Some possible reasons for this are
found by examination of cross sections of the film by trans-
mission electron microscopy (TEM).

Typically, TEM of the bismuth titanate films shows a
large density of “translational boundaries™ that propagate
at 45° to the film surface, illustrated in Fig. 3. In contrast to
the cuprate superconductors,® no polytypoidic stacking de-
fects are observed. The large density of these boundaries
coupled with their orientation in the film is likely to be the
main reason for the progressive ion dechanneling into the
film. We are at present carrying out a comprehensive study
of the interface and defect structure in these heterostruc-
tures that will be reported in the future.

The ferroelectric properties of the films were probed
using a pulsed measurement technique. An array of
200-um? gold pads was evaporated onto the surface of the
film using a TEM grid shadow mask. The films were
probed as shown in the inset to Fig. 4. The pulsed-polar-
ization test applies a series of five 2-ms triangular pulses to

Pulse Dats

AP = 08uC/cm?
C = 0.09nF
K(efh = 210

R = 400 MQ

(b)

Nesistance
Comprosssed

x-axis: 1divz 100kY/cm
y-axis : ) div = 1.48uC/cm?

FIG. 4.(a) Schematic diagram of the electrical measurement procedure;
(b) hysteresis loop along with pulsed measurement data for a 0.8-um-
thick film.
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the sample with 100 ms delay between each pulse. The
films exhibit a dielectric constant in the range of 180-200,
which is commensurate with the c-axis value of 220. Figure
4 shows a hysteresis loop obtained at a maximum applied
voltage of 9.5 V. The hysteretic remanence is in the range
of 0.7-1.2 uC/cm? with a coercive field in the range of
50-60 kV/cm. As shown in the data in Fig. 4(b), the
remanence AP in the pulsed measurement is 0.8 uC/cm?.
The difference in remanence between the hysteresis and the
pulse measurement indicates some leakage. The resistivity
of the films is in the range of 10°~10'° Q cm (depending on
the voltage). For comparison, bismuth titanate films
grown on Si (with a Pt bottom electrode), show a resistiv-
ity in the range of 10''-10'  cm. The exact reasons for
the lower values in these heterostructures is not clear at the
moment. We speculate that this may be related to the
structural and chemical nature of the electrode/film inter-
faces. This is currently under investigation.

In summary, we have demonstrated the growth of
YBCO/bismuth titanate heterostructures on Si using a
YSZ-grown buffer layer. All the oxide layers can poten-
tially be grown in situ without breaking the vacuum. These
heterostructures are structurally preferable to those grown
on Si(Pt). It is also demonstrated that the cuprate super-
conductors can be used as metallic bottom electrodes.

1764 Appl. Phys. Lett., Vol. 59, No. 14, 30 September 1991

However, considerable further work needs to be done to
improve the ferroelectric performance and to understand
the role of the defect microstructure, structural interfaces,
and processing conditions on the ferroelectric properties.

We wish to acknowledge the support and encourage-
ment of V. G. Keramidas and P. L. Key. The support of
Professor G. Thomas and the staff of the National Center
for Electron Microscopy, Lawrence Berkeley Laboratory,
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1J. F. Scott and C. A. Paz de Araujo, Science, 246, 1400 (1989); M.
Sayer and K. Sreenivas, Science, 247, 1056 (1990).

IA.F. Tasch, Jr., and L. H. Parker, Proc. IEEE 77, 374 (1989); L. H.
Parker and A. F. Taxch, Jr.,, IEEE Circuits and Devices CD-6, 17
{1990).

’G. H. Haertling and C. E. Land, J. Ceram. Soc. 34, 1 (1971).

*S. Y. Wu, W. J. Takei, and M. H. Francombe, Ferroelectrics 10, 209
(1976).

SR. Ramesh, A. Inam, W. K. Chan, B. Bilkens, K. Myers, K. Rem-
schnig, D. L. Hart, and J. M. Tarascon, Science 252, 944 (1991).

‘D. K. Fork, D. B. Fenner, R. W. Barton, J. M. Phillips, G. A. N.
Connell, J. B. Boyce, and T. H. Geballe, Appl. Phys. Lett. 57, 1161
(1990).

’X. D. Wu, A. Inam, M. S. Hedge, B. Wilkens, C. C. Chang, D. M.
Hwang, L. Nazar, T. Venkatesan, S. Miura, S. Matsubara, Y. Mi-
yasaka, and N. Shohata, Appl. Phys. Lett. 54, 754 (1989).

'R. Ramesh, D. M. Hwang, T. Venkatesan, T. S. Ravi, L. Nazar, A.
Inam, X. D. Wy, B. Dutta, G. Thomas, A. F. Marshall, and T. H.
Geballe, Science 247, 57 (1990).

Ramesh et al. 1784




SENT BY:Xercx Teiccopler 7021 &+ 3=-16-§2 » 1£:48 - 4150124105:# 2
Fatlgue and Aging of Ferroelectric YBCO/PZT/YBCO Heterostructures

R. Ramesh W.K.Chan, B.Wilkens, T.Sands J.M.Tarascon and V.G. Keramldas
Belicore, Red Bank, NJ 07701.

D.K.Fork |
Xerox Palo Alto Research Ganter <= <oF

Palo Aito, CA 94305,

JJ.Lee and A.Safarl

Rutgers University
Piscataway, NJ 08754.

SFR-'\ out Aacro Ay

4

We report results of fatigue and aging studies on PZT thin films grown with
Y-Ba-Cu-O(YBCO) thin film top and bottom eleotrodes. Such heterostructures _
have been grown in-situ on yitria-siabilized ZrO2 buffered [100] Si as well as —
on [001] LaAIOg by pulsed laser deposition. Both the a-axlb and c-axis —
orientations of the YBCO lattice have been - grdwn using suitablo changes in
growth conditions.  These symmetrical capaoitor structures show very good

- fatigue -and - aqlng characterlstics, ,whlch are ‘much : :superlor to those with Pt .
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. In the past few years there has been a strong resurgence of research and
development in the area of ferroelectric materiais. Specifically, sub-micron
thick films atg bding grown by a variety of techniques for potential use as
non-volatile, random access memories integrated with existing CMQCS
transistor clrcultry.  Conventlonally the ferroelectric thin films, such as leaa
zirconate titanate (PZT), are deposited onto Pt ccated Si wafers with Pt metal
being the top contact electrode to form the capacitar structure. A variety of
techniques Including eol-gel spin-on, sputtering, chemical vapar deposition, and —
pulsed laser deposition are being used to deposit the thin films.
in an earlier paper, we reported the growth of Y-Ba-Cu-O(YBCO) /
Pb-Zr-TI-O(PZT) heterostructures on single crystalline LaAlO& substrates. —
These heterostructures showed ferroslectric and dieleciric properties that
were very desirable for non-volatile memory applications. In su¢h structures,
the metallic properties of the YBCO bottom layer at room temperatures was
used in conjunction with PVAu top electrodes to form the test capacitors for
ferroelectric measurements. Subsequent studies of the faﬂ#e and aging fbvole
-characteristics showed that the remnant. polénzatlon. 4P (R = gwitched [, 4 .c
polarlzatlon - ‘non-switched polarization, ‘both-measured at the bottom of the ¢.-)?
applied mu.se) dropped :to. 50% .of- the: Inmal value :after about. 10? 108 -bipolar Mo, use
;cyclu” Whlch als~~in¢ufﬁclent for..the. .types .of - applications| .envigioned. onsiitort
»A.thougn "tho ‘exact roasons for.. thls nrop .is still “unclear, .it abpoars to be \,mbo's,
~'_;related ‘to an lntemal "flelthhlch 8. generated due fo. dlfferenoes ‘between the .ic D e
‘two " électrodes :and tho ferroelectric.  In order to be useable as memories, YP but
‘these =capacitors *have “to be ' !ntegrated with :appropriate CMOS drive cireuitry. 1 pot+
In this lettor, we report results of the first stage of this prooess In which we
have grown such heterostructures on yttria-stabllized Z2r02 buffered [100) Si.
The use of a YBCO top electrode has dramatically improved the fatigue ard
aging characteristics of the PZT layer.

The YBCO/PZT/YBCO heterostructures are grown in-situ pulsed laser
deposition onto YSZ-buffered Si and [100] LaAlO3. The details ot the
deposition conditions for the YSZ butfer layer on Si and subsz/qu_‘ag_t_g_r_olvlh_gf_‘

eterostructures are described in earlier papers.— We have grown \ \..c.
both c-axis and ae-axis oriented YBCO top and bottom electrodes through
appropriate -changes in the substrate temperature. For example,: we dascribe
here results from heterostruotures in which both the top and. bottom YBCO

\(V"" ot layers were a-axis oriented and grown on buffered Si. The heterostructures

FTIL) A were charactarized structurally and chemically using x-ray diffractior and
G" fwe o huthorford -Backscattering(RBS) analyses. RBS studies were used to ensure
C\\"“ \at that the three layers were of the required composition. 100um diameter
n }» capaoltors’ . were deﬂned by photolithography and finally Ag/Au cbntacts were
‘ bat fa: noo” ™ ,J “k" :
'\.*“ R 3 " \{6(. . ..3,1_‘f PYSESE S !
(0""" n ,P’{f I ()”‘{LZ ¢ J\l“p




0
SENT BY:Xercx Teleccpier 70Z% + 3=16-§2 + 18:48 - 41581241058 &

evaporaed qn top; the test structure is schematically illustrated in Fig.1(a).
Th m. electrode is contacted through capacitive coupling usirg an
o~ alectrode pad that is much Iarge (>100 times) than the test cipacnor The
‘ —1\"‘ ot ferroelectnc properties were evkmm%::slng a8 pulsed 1elbting system
it V‘ (Radiant Technologies, RTB6A) in conjunction with an external pylse generator.
a\u 3 4, The pulse trains used to measure the polarization and fatigue k:haracteristics
/70; |» are shown in the insets to Figs.1(b)&2. In the fatigue :experiments,
0 b frequencies up to 40kHz, 8.6usec wide pulses were generated usibg the RT66A
- hardware, which Is lllustrated in the inset to Fig.2(a). For h‘gh frequency
testing, an external pulse generator was used in conjuncticr wllh the RT66A
system. The capacitors were fatigued forVspecific number of'cycles aftar —
M(Lwhlch they were automatically tested for the switched &nd 'nor-switched
polarization values using the same pulse train shown in Fig.1(b). s “'S‘,,ms o
b\\n" ¢ q E( -ray diftraction scans showed that the YBCO laye were essentially ;14 | w,
,\*°§.q-' a-axis oriented while the PZT layer was o-axis orlenteq_] Flig. 1(b) shows g of f’
& o pulsed hysterems loop from one test:.capacitor. The inset to thls figure also #*°
shows ‘the. pulse train that is used to measure tha pulsed polanzahon velues.
.Thf_'film tesistiviiles -are typlcally- In the range of 5x108 -:5x108 Q.em. There fo ,,»v‘
‘’re. two"lmportant differences ‘bétwéen*the . capacllors ‘with YBCO itop electrode f":m'
and 'Ptntop *eloctrodo*- Flrstly, ‘the .gwltched polar]zatlon In this tase _Isﬂ_@j
R han whon ythe“top'elactrode Is ‘Pt." 8acondly,” the: coarcive voltage Is f\»‘ﬁ
)/ utso»much smal!et-»u +1:5V) :than :with <the «Pt Aop -electrode(2; 2:2.7V). " We .(\“ },q
- ‘-'spaoulate that :the raductlon “in ; switched - polarization Is due to’ the clampmg
W< i giggj of the fop -eiectrode -as the ferroelsctric film is cooled gown through {_;pw s
o l‘kj.‘\f"the phaso transition, while the lower coercnve voltage is primarily due to the"\' o v
g type of oontaot at the Interface. The exact reasons are still unclear, but this W"wé‘\ﬂw
(u-"’fj\,; may be due to the difference in work functions between P2T and the electrodes‘*“,c1 \§

b 9" leading to Cifferences in contact behaviour {i.e., Pt electrode forms a Schottkyw

" w barrier while the YBCO electrode forms an ohmic contact). w,\u

™ The capacitors were then fatigued with square, bipolar pulses at various o* AT 3

Ld":‘)\w’)} ' frequencies to study their fatigue characteristics. Fig.2 shows normalized (,, R\
\w+ remnant polarization, dP (dP= switched polarization - ‘nonswitched LN

« 3" A polarization) for the two cases, viz, YBCO and Pt top electrodes. In the case ™ 1 *"\
;“Q,M"’ . ~of the Pt top eleotrode, the remnant polarization is relatively unchanged up to * m/“w

2 about 107 cycles, after which there is @ sharp drop to 50% :of the 'iiial A n
L . polarization in 108-109 cycles. In the case of the YBCO slectrode, tne "\, W\;\,..
g remnant polarization does not change significantly. Similar . experiments V“ o

were carried out at a cycling frequency of TMHz up to 1012 cycles, the resuits ©
of whiech :gre -shown inFig.3. -The .capacitor. with YBCO top electrode shows a
8-10% decay of romnant polarizahon after 1012 cycles, while the capacitor

- » . |
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with Pt, electrodes, shows about 80% decay after the same number of cycles.
We have also found that the loss of switched remnant polarization cue to
fatigue can be ‘rejuvenated” by pulse poling, the detalls Ei whicnh are
presented in a separate paper. Similar imgrovements in fatigue Behaviour have
been observed by several groups using other metallic oxides such’as RuOZ ang
La.58r.5C0o03, thus pointing to a common cause, |.e., the elec'romc properties

.}«W Ls of the slectrode-ferroelectric interface. .

in order to confirm that the capacitors can still retain a logic state (either
"1* or "0") after cycling, we have also carried out retention experiments on
capacitors in the same array after fatiguing tc 1012 cycles§ at 6V. The
rotention test was carried out by using a -8V write voltage (pulse wiath of
8.6usec) and reading with either 5V(for the loglc state "1") an:d -5V{for -the
logic state “0"). In both cases, the read voltage pulse width was 2msec. The
pulse polarization was measured both at the top of the puise (saturation vaiue)
as well as at the botlom of the pulse (remnant). The resuits are shown In
Fig.4. Clearly, the ditference between the two logic states (corresponding to

_ P*-and PA)'ls sufficlently large (~5;:C/cm2) pven after cycling t0!1012 cycles.

More : importantly. this difference does .not .decrease after 105 seconds of
_retention..

;-In-.oancluslon,: It \has ibeen : demonstrated that theuse !of symmetric

-conductmg .oxlde : electrode -such.-as -the- cuprate - superconductors can

dramatically - alleviate the problem of fatigue .in ‘ferroslectric capacitors.
These preliminary. results look promising for further studies and subsequent

"We :are presently continuing this - :gxperiment -to- lonper times as .
~well ‘as vat ‘higher temperatures the rosults of whloh wm be reported in
-asubsequent publications. -+~ 55 - |

integration Into non-volatile memory structures. The exact rolesiof crystalline
quality and epitaxy on the ferroelectric properties are sti!l unresolved
questions. The results so far indicete that as far es fatigue is concerned, the
primary issue is the nature of the electrode-film interface. ' We wish 10
acknowladge many stimulating discussicns with J.T.Evans(Radiani
Technologles). f

\(OM w\\v)\m‘ b.! M‘:}lﬂ S‘b J‘IP "4/\\1 1\/\ 5,) -L‘-t L\v«.ﬂ. LL\L
Pepu s Mm‘)«.’ o« acmp&o(.
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) . FIGURE CAF .. .8

Figure 1: (a)f A schematic illustration of the capacitor test structure used to
evaluate the “ferroelectric properties, In which the bottom
electrode is capacitively coupled using a very large top electrode;
(b) a typlcal pulsed hysteresis loop obtained from the
YBCO/PZT/YBCO heterostructure. The inset to this image shows
the pulse train used to measure the pulsed polarization values.

Figure 2. A plot of remnant polarization JP(dP=sSwitched remnant
polarization - nonswitched remnant polarization) versus fatigue
coycles at 5V and 40kHz for the YBCO/PZT/YBCO capacitar,
compared with a PYP2T/YBCO capeciter. The inset shows the
pulse train used for this test.

|

Figure 3: oP versus fatigue cycles at 1MHz and 5V showing that the
YBCO/PZT/YBCO capacitor structuro shows vory little fatlgue upto
1012 cyoles.

Figure 4. A plot of remnant. polarlzatlon, both at the top and at the boftom of .
~ ‘the ‘read .pulse for. ‘the :two -logic states after fatiguing -for 1012 -
cycles_at’ &V. " The write' voltage Is -5V and the ro‘d voltage Is
@ither -4V (for ~Ioglc :state ~*0").-and -4V(for loglc sta*e "%, The -
. .capacltor. shows ‘sufficient: distinction - (~5uC/om2) - bétween these

two states.
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Feasibility of infrared imaging arrays using high-T,
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The design of high-T, superconducting bolometers for applications such as infrared imaging
arrays is discussed. The dependence of bolometer sensitivity on excess voltage noise in

the thermometer is a function of the detector area and thus of the wavelength to be detected.
Measurements of the voltage noise in thin films of YBa,Cu;0, _; on Si, Si;N,, and

sapphire substrates are used to predict the performance of different bolometer architectures.
Useful opportunities exist for bolometers made on both Si and Si;N, membranes. A

readout scheme for two-dimensional arrays of bolometers is also described in which real-time

signal integration is performed on the chip.

1. INTRODUCTION

Much recent work has focused on the high-7", super-
conducting bolometer as an infrared detector.'® Such bo-
lometers consist of an infrared radiation absorber ther-
mally coupled to a high-T, superconducting thermometer
operated at its resistive transition, both weakly coupled to
a liquid-nitrogen-cooled heat sink at 77 K. For the pur-
poses of this paper we consider only relatively sensitive
slow composite bolometers that absorb radiation directly
and are constructed on thin substrates that are thermally
isolated from the heat sink. We will not consider the fast
bolometers obtained when a hi§h.T, film is deposited di-
rectly on a bulk substrate'®'’ or the antenna-coupled
microbolometer. '3

For wavelengths A <20 um, photovoltaic infrared de-
tectors such as HgCdTe give excellent performance at 77
K. For wavelengths A > 20 um, the sensitivity of semicon-
ducting detectors at or above 77 K is poor and room-
temperature thermal detectors such as the pyroelectric ¢z
tector, the thermopile, or the Golay cell are used in
applications where a liquid-nitrogen-cooled high-7, bo-
lometer could be conveniently used. The high-T', bolome-
ter offers higher sensitivity under these conditions, prima-
rily because of the sensitivity with which small changes in
the temperature of the bolometer can be detected. Appli-
cations for composite high-T_ bolometers exist in far-infra-
red laboratory spectroswpys and space observations of
bright sources such as planets*® using radiatively cooled
systems. Applications as large format infrared imagers may
also exist.

Some of us have recently built composite high-T7, bo-
lometers cooled by liquid nitrogen with D*> 4X 10°
cm Hz'2 W = '.% The areas of these bolometers were cho-
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sen from 1 to 10 mm? to match the throughput of labora-
tory Fourier transform spectrometers. For such large
areas, there are stringent requirements on thermometer
sensitivity which require the use of high-quality epitaxial
c-axis YBa,CuyO,_; (YBCO) films on favorable sub-
strates with sharp resistive transitions and low voltage
noise under current bias. Arrays of much smaller bolome-
ters are potentially useful for thermal imaging. The absorb-
ing area A can be as small as the diffraction limit
A = A%/, where 0 is the solid angle of the pixels field of
view. The lower heat capacity of such small bolometers
relaxes the requirement on thermometer sensitivity. The
possibility then exists that YBCO on amorphous substrates
like silicon nitride (Si;N,) could be used. Researchers at
Honeywell are working on linear arrays of micromachined
bolometers on substrates of Si;N, membranes for thermal
imaging at 10 um.'®

This paper describes the dependence of bolometer de-
sign on area. The discussion is directly relevant to the de-
sign of imaging arrays of high-T_ bolometers for wave-
lengths from 10 to 1000 um. The required thermometer
sensitivity for various areas will be compared with the volt-
age noise ¥V, measured for current-biased YBCO films on
various substrates. We will also discuss a scheme for read-
ing out two-dimensional bolometer arrays that performs
real-time signal integration on the chip.

Il. THEORY

The voltage responsivity for a signal modulated at an-
gular frequency @ can be written as
IR
GAT(1 + ') L

S(w) =
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where [ is the bias current, G is the thermal conductance to
the heat sink, and 7 is the thermal time constant. The
temperature coefficient of resistance dR(T)/dT = R/AT
has been written in terms of half the width AT of the
superconducting transition, and the resistance R at the op-
erating point near the midpoint of the transition.! We ne-
glect the effects of the positive thermal feedback from the
bias current / which reduces the thermal conductance to
an effective value G — I’R/AT. To maintain thermal sta-
bility we constrain the current by the condition

PPRC0.3GAT. (2)

The noise equivalent power (NEP) is calculated by sum-
ming the important sources of statisgically uncorrelated
noise in quadrature,

4kT,R+ v N
Is1* T 1S

2 : [ 172
NEP = (4kT§G+ & +| :I}R) )
(3)

The first term, phonon noise, in Eq. (3) is an important
limit on the sensitivity of the bolometer. The last three
terms, Johnson noise, excess film noise, and amplifier noise,
respectively, are voltage noise contributions to the NEP
from the temperature read-out. In the ideal case, the re-
sponsivity S is large enough to make these terms less than
or equal to the phonon noise. If these terms can be made
very much less than the phonon noise for w7 = 1, then the
NEP can be further reduced by operating the bolometer
with reduced G and wr> 1. The minimum heat capacity C
of a practical bolometer with a given area is limited by
materials and fabrication considerations. The thermal con-
ductance G to the heat sink can be limited by the permis-
sible temperature rise under the background power loading
P, or by the required response time r = C/G, or by mate-
rials or fabrication considerations.

Our own measurements on YBCO films and those of
others'”'® indicate that the excess voltage noise in current-
biased films depends sensitively on film quality. It can be
modeled as resistance fluctuations, V% = (J6R)?, where
[6(In R))® usually has a frequency dependence between
o~ " and @~ 2, and scales roughly as the reciprocal of the
film volume." A resistance fluctuation SR can be written
as a temperature fluctuation by using the slope of the re-
sistive transition 8T = 6(In R)AT. The noise equivalent
temperature, NET = §(In R)AT, is introduced as a con-
venient figure of merit for YBCO transition-edge thermom-
eters. The NET is the minimum temperature difference
that can be measured in approximately ! s of integration
time. The thermometer contribution to the NEP can then
be written as

NEP; = §(In R)ATG(1 + w?7)'7
= NET G(1 + o’#)'2. (4)

The_ film noise will dominate other contributions to the
readout noise if the bias current is large enough that

ISR > [4kT R + € + (i,R)*}'. (5)
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As will be discussed below, this condition can be met for all
of the YBCO films we have measured to date without ex-
ceeding the constraint (2) set by bias heating.

Phenomena such as thermopower, Bi film resistance,
gas expansion, and dielectric constant changes have been
used as thermometers for thermal far-infrared detectors
operating above 77 K.2*>* For applications with frequen-
cies less than 100 Hz, the best NET of these technolcies is
in the range of 10~ ¢ K/Hz'” If these thermometer tech-
nologies are restricted to thin films useiul for large micro-
machined arrays,2"?® such as bismuch films, the NET is
> 10~ 3 K/Hz'2. High-T, thin-film thermometers promise
values of NET < 10~ ® K/Hz', and hence orders of mag-
nitude increase in detector sensitivity.

For a given optical system, the area of a pixe! which
couples optically to n spatial modes is proportional to the
wavelength squared 4 = A2n/02. Many considerations en-
ter the choice of the constant of proportionality 2/0. The
optical filling factor is the ratio of the area of the infrared
absorber to the area of the unit cell for a single pixel
(which may include other components such as charge-stor-
age capacitors or readout circuitry). For A = 10 ym, an
acceptable filling factor of (50%-60%) can be achieved®®
with 4/A%= 50. Diffraction-limited pixels (n = 1) with f/
6 optics (1 = 0.02 sr) and 4 = 5X 10~ * cm? are useful at
10 um for applications requiring high spatial resolution.
Multimode pixels (n = 10) with f/2 optics (2 =0.2 sr)
are useful at 10 um for applications requiring high sensi-
tivity when detector noise limited. The specific detectivity
D* = A'Y/NEP is convenient for comparing detectors
with different areas. We will use these concepts to discuss
the sensitivity of imaging arrays of high-7, bolometers as a
function of thermometer NET, bolometer area, and wave-
length.

lii. FILM PROPERTIES

Fabrication of useful high-T", composite bolometers re-
quires films on very thin substrates to minimize heat ca-
pacity. We have chosen to study films on sapphire, silicon,
and silicon nitride substrates which are strong enough to
be made thin. Table I summarizes the properties of four
YBCO films that were deposited by laser ablation at Con-
ductus and Xerox. These are representative of the best
performance that has been obtained to date. Samples A
and B were epitaxial c-axis films deposited on crystalline
substrates with buffer layers. Sample A was made in situ by
depositing a 20-nm-thick buffer layer of SrTiO, on {1102}
sapphire followed by 300 nm of epitaxial c-axis YBCO.?
After breaking vacuum, silver contact pads were sputter
deposited through a shadow mask and annealed in oxygen
at 500 “C for 60 min. Sample B was made using a silicon
substrate. A process was specifically dcveloged to provide a
pristine Si surface for epitaxiz! growth.?** First, a weak
HF and ethanol solution was used to strip the native SiO,
layer and to terminate the exposed silicon bonds with hy-
drogen. Then the Si substrate was transferred to the dep-
osition system via a nitrogen gas-purged glove box and
load lock. The substrate was heated in vacuum to drive off
the hydrogen and 40 nm of YBCO was deposited in situ on
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TABLE 1. Charactenistics of YBCO films measured for use as thermometers on high- T, bolometers.

1 dR\ !
Sample  Source Geometry (; ;‘f) (K) §(inR) (Hz~"?) NET (KHz~'?) p, (uftcm) st midpoint
A Conductus 11 mm? 1 3x10-* Ix10-* 37
300 nm YBCO/20 nm SrTiOy/AlLO,
B Xerox 1%3 mm? 26 3x10-* gx10-? s
40 nm YBCO/50 nm YSZ/Si
C Conductus Ix3 mm? 6 4x10~"’ 24x10-¢ 270
300 am YBCO/20 nm YSZ/Si,N,
D Xerox 1x3 mm? 5 10-¢ 5x10-¢ 190

40 nm YBCO/30 nm YSZ/Si;N,

a 50-nm-thick yttria-stabilized zirconia (YSZ) buffer
layer. Because of the difference in the thermal expansion
between silicon and YBCO, the YBCO films are under
tensile stress and must be grown thinner than ~ 50 nm to
avoid cracking. Silver contacts were again sputter depos-
ited but were not annealed to avoid driving surface con-
taminants into the thin YBCO film. Samples C and D were
mostly c-axis YBCO deposited on amorphous SizN, films
with YSZ buffer layers. The Si;N, films were deposited on
Si at 850°C by low-pressure chemical-vapor deposition
(LPCVD) at 350 mTorr using SiH,Cl, and NH,. The
YBCO films were deposited by a laser ablation process
similar to that used for sample A.

We measured the voltage noise with an ac-coupled,
room-temperature transformer and a field-effect transistor
(FET) amplifier. The samples were mounted on a temper-
ature-controlled stage in a cryostat and current biased at
values typical for bolometer operation. Figure 1 shows the
voltage noise for epitaxial samples A and B. The experi-

1 T v T +~ 15
Sample A

Noise Voltage (nV/Hz''?)
Resistance (f2)

75 80 85 90 95 100
Temperature (K)

FIG. 1. Resistance and voltage noise at 10 Hz in current-biased YBCO
films measured as a function of temperature. The noise in the measure-
ment system is 0.15 nV/Hz'?. Sample A is 300 nm of epitaxial YBCO on
8 20 nm buffer layer of SrTiO, on sapphire. Sample B is 40 nm of epitaxial
YBCO on a 50 nm buffer layer of yttria-stadilized zirconia on silicon.
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ment was done by integrating the noise in a 2 Hz band-
width for 15 min at each temperature point. The noise at
the steepest part of the resistive transition for sample A
(YBCO/SrTiO,/Al,0;,) gives NET = 3x 10~ * K/Hz'2
This sample was as quiet as the best YBCO films that we
have measured to date on any substrate. In general, films
that satisfy other standard requirements for quality (e.g.,
large J, small AT) consistently show low noise before
processing. Samples A and B had high critical current
(J.>10° A/cm?, T =77 K) and, as shown in Table I,
narrow resistive transitions, and low resistance fluctuation
noise. Processing, especially in the form of narrow, pat-
terned lines, has been observed to increase noise. There-
fore, we have avoided extensive processing of the films
after deposition by using large area YBCO thermometers
with the minimum resistance necessary to satisfy Eq. (5).
Poor quality films tend to degrade more rapidly with pro-
cessing than high-quality films. At present, our yield for
samples of YBCO/SrTiO,/AL0; with NET <6x10~*
K/Hz'”? after processing is higher than 50%. After the
substrate thickness of sample A was reduced by grinding to
25 pm, it was used in a composite bolometer with a sap-
phire substrate.®® The best NET yet obtained for YBCO
on a silicon substrate is NET = 7x 10~ ® K/Hz'2,

The resistive transitions for samples C and D of
YBCO/YSZ/Si;N, shown in Fig. 2 are significantly
broader than for samples A and B and the voltage noise is
higher. Consequently, the values of NET are about 100
times poorer. In general, we expect that YBCO samples
with poor epitaxy make noisier thermometers. One contri-
bution is switching noise from thermally activated flux mo-
tion. Flux can move more easily along regions of reduced
energy-gap parameter such as grain boundaries.* The fre-
quency dependence of 8(In R) is determined by the distri-
bution of activation energies for the switching processes®'
and the amplitude of §(In R) depends on the number of
such processes. We have strong evidence for such processes
from noise measurements in an external magnetic field of
both YBCO/MgO samples and YBCO/ALO, samples.*?
The YBCO/AL O, film had poorer in-plane epitaxy, as de-
termined by x-ray analysis,”® and higher noise, which in-
creased with applied magnetic field. Based on experience
with other substrates, we expect that the NETs for YBCO
films on Si;N, will improve as that technology matures.

For practical reasons, bolometers for use in large for-
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Sample C
8 15
6
10
4
186

o
Resistance (f)
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20 |
{110
0 r 20 Hz
10 Hz
o . e L A o
50 60 70 80 90 100 110

Temperature (K)

FIG. 2. Resistance and voltage noise at 10 Hz in current-biased YBCO
films measured as a function of temperature. The noise in the measure-
ment system is 0.15 nV/Hz'2. Sample C is 300 nm YBCO on a 20 nm
buffer layer of yttria-stabilized zirconia on Si;N,. Sample D is 40 nm
YBCO on a 50 nm buffer layer of yttria-stabilized zirconia on SiyN,.

mat imaging arrays must be produced by optical lithogra-
phy and micromachining. Such techniques are desirable
even for single bolometer elements. Our interest has fo-
cused on bolometers that consist of a high-T, thermometer
and a radiation absorber such as gold black**** or a Bi
film* deposited on a thin membrane that is isolated from
the heat sink by two thin legs of the same membrane ma-
terial (Fig. 3). Bolometers made on thin Si;N, membranes
can have very low heat capacity per unit area C4 and can
be made with very low G because of the mechanical
strength and the low bulk thermal conductivity of Si;N,.
The relatively high NET of our present thermometers on
Si;N,, however, limits the use of this substrate to relatively
small bolometers with high responsivity to minimize the
contribution of film noise in Eq. (4). Such bolometers are
well suited, for example, to imaging arrays for A~ 10 um.
Bolometers made on Si membranes have smaller values of

FIG. ). Diagram of a membrane bolometer. The bolometer consists of a
radiation absorber and & YBCOO thermometer deposited on 8 membrane
of Si or SiyN, which is isolated from the heat sink by two thin legs.
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NET, but will probably be limited to larger values of C,
and G. They are therefore appropriate for higher through-
put applications at longer wavelengths. The very low val-
ues of NET obtained on thinned sapphire substrates make
this technology appropriate for very large bolometers. We
will quantify this argument by calculating the dependence
of the detectivity D*® on area and thus on 4 for each of the
above technologies using the values of NET from Table 1.

The bolometer substrate technology chosen sets mate-
rial limits to the heat capacity per unit area C, that can be
achieved. In addition, for the membrane technologies,
there is a minimum practical value for the thermal con-
ductance G, set by the strength of the legs. If we assume
that the required response time 7 and the factor
A/A* = n/Q are set by the application, then the required
G = C, A/t will be equal to G, at a specific wavelength 4¢
given by

Gminf 0 12
—) . (6)

o= (a5

For A <A, the bolometer will be faster than is required and
therefore less sensitive than optimum. For 4 > 4, the avail-
able range of G includes the optimum value.

We estimate C, and G, for a Si;N, bolometer based
on a 0.75-um-thick Si;N, membrane which was built at
Berkeley by other workers.”’ This membrane was sup-
ported by two Si;N, legs with dimensions 0.75x0.75x 20
pum.} For a bolometer with two such legs, we calculate
Gin=0.3 puW/K by using a handbook value for the ther-
mal conductivity of bulk Si;N, at 90 K. For a Si membrane
bolometer with two undoped Si legs of the same dimen-
sions, Gpin=30 uW/K. From handbook data,”® we esti-
mate that G,;, of doped Si legs might be roughly 0.5G;, of
undoped Si legs at 90 K. We expect the heat capacity of the
YBCO thermometer and silver electrical contacts to dom-
inate the substrate heat capacity, so we choose
C,=27x10"3J K ~!cm~for both Si and Si;N, mem-
brane bolometers.

Figure 4 shows the prediction for D* as a function of
the normalized wavelength A/, for a fixed value of 4/A?
and 7 = 10 ms. The solid line shows the upper limit on D*
imposed by phonon noise,

D* = (A/4kT3G)' . M

For A>24p GaxA, so D*(d) is constant. For A <A,
G = Gpin» S0 D*(R) < A.

The performance of the bolometer is limited by ther-
mometer noise if NET > 10 ~* K/Hz'”2. The dashed lines
show the limits on D* from thermometer noise for various
values of NET calculated from

Do = A 172
= (G’(NET)’(I +m’r’)) : (8)

For A> Ag, D*(A) « 1/A. For A <Aq G is held constant at
Gpnin and D*(R) x A. Hence D* peaks at A = A, for a pixel
limited by thermometer noise. The wavelength A for Si,N,
is 0.1 of the value of A, for Si since the thermal conduc-
tivity of Si;N, is ~ 1/100 that of Si at 90 K.
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FIG. 4. Specific detectivity D® as a function of reduced wavelength /4,
where A, depends on the minimum achievable values of the heat capacity
per unit area C, and thermal conductance Gy, 8s well as the response
time 7, the number 7 of electromagnetic modes that couple, and the solid
angle Q) of the pixel's field of view. The solid line shows the predicted
phonon noise limit for a bolometer on a thin membrane. The dashed lines
show upper limits on D® for thermometers with various values of NET.

For a given value of 4/A 2, response time 7, and com-
bination of YBCO thermometer and substrate, we can
compute Ay and plot the curve from Fig. 4 as D* vs A.
Figure 5 shows this plot for A/A% = 50 and 7 = 10 ms for
our best YBCO thermometers on both Si;N, and Si mem-
branes. For comparison, Fig. 5 also shows the performance
of typical pixels in several different large format arrays
operated at 77 K along with the photon noise limits for
photovoltaic and photoconductive detectors that view 300
K radiation in a 0.02 sr field of view. The predicted per-
formance for YBCO/YSZ/Si;N,, shown in Fig. 5, could be
competitive with HgCdTe at A = 10 um and one order of
magnitude more sensitive than HgCdTe at 4 = 20 um.”
The performance of this array at longer wavelengths is

1 M t M
12| PV }/ .
0T prsi \" Photon Noise
InSb (300K, 0.02sr)
= 10"} 1
E< YBCO/YSZ/Si
« HgCdTe
T 100 -
E YBCONSZSiN,
o 10° .
, HgCdTe Pyroelectric
1 L
107, 10 100 1000
A (um)

FIG. 8. Specific detectivity D* as a function of wavelength for diffraction-
limited pixels with £} = 0.02 sr (//6 optics) and 7 = 10 ms. The thick
lines show the predicted D* for high-T', bolometers on silicon and Si;N,
membranes using YBCO thermometers. These lines were calculated using
estimates for the minimum achievable heat capacity and thermal conduc-
tance and using measurements of voltage noise in high- T, thermometers.
Typical values of D* for InSb, PtSi, and HgCdTe detectors in two-dimen-
sional staring arrays operated at 77 K are shown for comparison. Also
shown are the photon noise limits for photovoltaic and photoconductive
detectors which view 300 K radiation in 8 0.02 sr field of view.
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better than room-temperature detectors, but is rapidly de-
graded by thermometer noise. An array optimized for
longer wavelengths can have a better peak value of D*.
Choosing 4/A% = § and 7 = 10 ms, the peak in D* is three
times higher and occurs at A = 45 um for the same ther-
mometer NET.

The predicted performance for a YBCO/YSZ/Si bo-
lometer with the same assumed geometry as for Si;N, is
also shown in Fig. 5. The region of phonon-noise-limited
D* appears at longer wavelengths than for Si;N, because of
the higher bulk thermal conductivity of silicon. The limit
to D* from thermometer noise is higher than that of bo-
lometers on Si;N, because of the lower NET of YBCO on
silicon. Arrays of high-7, bolometers on Si membranes
may be useful for imaging applications for 4 > 20 um. One
example is long-wavelength atmospheric imaging from
NASA planetary probes such as Cassini.*®

The most important potential impact of the high-T,
bolometer is in a liquid-nitrogen (LN)-cooled large format
imaging array for 8-14 um. This possibility depends both
on the performance of the bolometer arrays as discussed
above and also on the performance available from the com-
peting HgCdTe technology. Although accurate predictions
are not possible, this important question deserves further
discussion. Two-dimensional (2D) staring arrays for 300
K thermal imaging in the atmospheric window from 8 to
14 um require high D* per pixel, good uniformity, and
low-noise readout electronics. The predicted D* of a
high-T"_ bolometer used from 8 to 14 um is worse than the
D* of a HgCdTe photovoltaic detector in a single pixel or
linear array format. However, it is difficult to make 2D
arrays of HgCdTe photovoltaic detectors that are larger
than 128X 128 pixels.'® Even these arrays suffer from low
yields and high costs. The performance of arrays of
HgCdTe detectors which operate from 8 to 14 um also
suffers from high backgrounds and high leakage currents.
These currents rapidly saturate the charge-storage capacity
of a CCD readout and can restrict the integration time of
the signal.'*® Many thermal imaging systems that require
high spatial resolution across the field of view operate at
shorter wavelengths so as to use more mature
technologies*! with larger numbers of pixels such as PtSi
(Ref. 42) or InSb. Although the yield and uniformity of
such arrays are excellent, the atmosphere is more opaque
at these wavelengths. Also, radiation from a 300 K black-
body is weaker at 4 um than at 10 um but stray light from
visible sources such as the sun is stronger at 4 um than at
10 um. We believe large 2D arrays of high-T, bolometers
on Si,N, membranes will have useful sensitivity from 8 to
14 um and could have advantages in yield and cost over
large 2D arrays of HgCdTe. Without building such an
array, we cannot quantitatively predict the uniformity of
the responsivities of pixels across the array. Equation (1)
shows the uniformity in § depends only on variations in /,
G, and dR(T)/dT. Temperature gradients across the array
could produce variations in dR(T')/dT from pixel to pixel.
But, temperature gradients that are smaller than ~0.1AT
should not seriously degrade uniformity since R(T) is
mostly linear on this temperature scale.
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IV. ARRAY DESIGN AND READOUT

We have predicted useful sensitivity for a single pixel
high-T, bolometer with a dedicated low-frequency ampli-
fier. Many imaging applications require large arrays of bo-
Jometers where constraints on power dissipation and filling
factor only allow for a small number of amplifier channels.
In simple circuits, the electrical signal from a pixel is only
integrated for a tiny fraction of the observation time. The
clectrical noise from a pixel in an array can therefore be
much greater than the noise from a single pixel with a
dedicated amplifier. We now discuss a scheme that pro-
vides signal integration over the full observation time, but
does not require one amplifier per pixel.

The NEP of a bolometer pixel has contributions from
thermal fluctuations, including infrared source fluctua-
tions, as well as the phonon noise, represented by the first
term in Eq. (3). It also has contributions from voltage
fluctuations in the thermometer, represented by the second
and third terms in Eq. (3). Thermal fluctuations occurring
for g, 7> 1 are integrated by the thermal response time of
the bolometer. Therefore, a bolometer that operates in the
source noise or phonon noise limit with r equal to the
frame time does not require additional electrical integra-
tion. In principle, however, a bolometer optimized for sen-
sitivity has equal contributions to the NEP from both ther-
mal fluctuations and voltage fluctuations. In practice, the
bolometer designs that we have described above are some-
times limited by voltage noise fluctuations. Therefore, in-
tegration of the electrical signal is desirable.

Photovoltaic detectors in a CCD array integrate the
photocurrent with a charge storage well next to cach de-
tector. Ideally, the storage capacity of the well is larger
than the product of the photocurrent and the time interval
between samplings by the readout amplifier. Consequently,
charge fluctuations that occur faster than the sampling rate
are averaged. A bolometric detector outputs a voltage
equal to the product of the absorbed infrared power and
the responsivity (1). An RC filter could be implemented
next to the bolometer which integrates voltage fluctuations
occurring on time scales shorter than RC. The RC time
should approximately equal the frame time.

As a specific example, we consider a 64 X 64 imaging
array of high-T, bolometers similar to existing arrays of
bismuth bolometers built at Honeyweil.2¢ Since both the
readout amplifiers and the bolometers have 1/f noise, we
assume the incident radiation is chopped at 60 Hz. This
Jeads to a frame rate of 30 Hz and a thermal time constant
7 =3 ms for each bolometer pixel. The pixels are contin-
uously biased and dissipate less than 5 uW each. The
whole array is read out once while observing the target,
and again while observing the chopper blade. The two
frames are then digitally subtracted. Assuming four read-
out amplifiers, each pixel is sampled for a maximum time
Tumple = 3 p8. Electrical noise in the thermometer occur-
ring at higher frequencies than 60 Hz is then aliased across
the bandwidth of the readout amplifier. An RC filter next
to each pixel would roll off this high-frequency noise before
it is aliased.

Figure 6 shows a schematic implementation of the

2498 J. Appl. Phys., Vol. 71, No. 6, 15 March 1892

i

A

ot

Ji
fA
=
\_J,]’
L]

T Y

N

N

N
\
N

FIG. 6. Schematic layout of a possible implementation of a high-T, bo-
lometer array with a novel readout scheme in which above-band electrical
noise from each pixel is integrated by an R/C filter. In this scheme, 8
multiplexed readout amplifier that undersamples a given pixel does not
alias above-band noise into the signal channel. The unit cell consists of an
YBCO thermometer R, an R/C filter, an access transistor, a load resistor
R,, and bias lines. The voltage across R appears on the appropriste
“READ" line when the “SELECT™ voltage is high. All pixels are con-
stantly under bias. The readout circuit elements would be implemented on
a separate Si wafer which could be indium bump bonded to the bolometer
pixels. The optical fill factor will probably be limited by geometrical
constraints on the bolometer imposed by requirements for thermal isola-
tion.

readout circuit for a two-dimensional bolometer array. The
readout circuit elements could be fabricated on a separate
silicon wafer which is bonded to the bolometer array with
indium bumps. The R C filter appears in parallel with the
high-T, thermometer. For conceptual simplicity, we will
first consider passive circuit components. In practice, cir-
cuits with active components may consume less power and
surface area. Active components are frequently used in
CCD arrays.®* A polysilicon resistor with R =10 MO
and a trench capacitor with C = 300 pF would give a time
constant R,C = 3 ms. Typically, R> R so the contribution
to the NEP from Johnson noise is mostly from R,. This
contribution will be negligible if the constraint (5) is mod-
ified to

2 . 2, 11
T+ ( )
‘__'~L) . 9)

f chopTaample
The divisor f.popTsampie accounts for the reduced integra-
tion time of noise from the readout amplifier. The resulting
amplifier noise contribution to the NEP is negligible for
available amplifiers.*® For example, a bolometer on a Si;N,
membrane using sample C could satisfy conditions (9) and
(2) for R, =10 MQ and the array parameters described
above if the YBCO is patterned into a meander line with
R=50kQ at T,

ISR> (4kr,k,+

It may be difficult to satisfy conditions (9) and (2) |

using only passive components because of size constraints
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FIG. 7. Schematic layout of a readout for a single pixel which is func-
tionally similar to a single cell in Fig. 6 but uses active devices. This
circuit has both an anti-aliasing filter and voltage gain to buffer the signal
from noise in the “select” transistor. The power consumption and size of
this circuit can be much smaller than the circuit shown in Fig. 6.
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on the capacitors or difficulty in making high-resistance
meander strips of YBCO. Although exact requirements on
the anti-aliasing filter are specific to the system, we will
mention two approaches for meeting the above conditions.
First, the R/C time constant could be reduced by reading
out the array more frequently. For example, most of the
signal integration could be performed by a bank of larger
capacitors, called a frame averager, which is located out-
side the focal plane. In this scheme, multiplexers transfer
charge from a small capacitor next to a pixel to a much
larger capacitor out of the focal plane at a faster rate than
the chopping frequency. Then the readout amplifier sam-
ples the capacitors in the frame averager at the chopping
frequency. Second, two-transistor amplifiers with anti-ali-
asing filters could be fabricated in silicon for each pixel.
Figure 7 shows a schematic diagram of a circuit that is
functionally similar to Fig. 6 but which uses active com-
ponents. The depletion-mode transistor T1 presents a cur-
rent bias to the bolometer without dissipating much power.
The depletion-mode transistor T2 functions both as R/ for
the anti-aliasing filter and as a load resistance for the com-
mon source buffer stage made from T3. This circuit has
both an anti-aliasing filter and voltage gain to buffer the
signal from noise in the “select” transistor. If a specific
application requires a higher resistance from the active
load, a current mirror could be used in place of the deple-
tion-mode transistor.* The transistors can be metal-oxide-
semiconductor FETs in most applications. Some applica-
tions may benefit from the lower 1/f noise of junction field
effect transistors (JFET).

V. SUMMARY

We have discussed the optimization of high-T, bolom-
eters for imaging arrays for wavelengths longer than 10
um. An analysis of the thermometer sensitivity required
for different pixel sizes indicates that there are useful ap-
plications for small Si;N, membrane bolometers at A ~10
um and larger Si membrane bolometers at longer wave-
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lengths. A readout scheme for an array of bolometers that
provides real-time signal integration on chip has also been
described.
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